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FOR THE INVENTION ENTITLED:- 

"STIMULANT SENSITIVE FLOCCULATION AND CONSOLIDATION" 

t 

■ » 

* 

The invention is described in the following statement:- 



TECHNICAL FIELD 

t 

The present invention relates to the separation of materials particularly 
heterogeneous fluids. It is particularly suitable for assisting in the separation of solid 
particles from liquids. 

■ 

5 BACKGROUND ART 

. Any discussion of the prior art throughout the specification should in no way be 
considered as an admission that such prior art is widely known or forms part of common 
general knowledge in the field. 

♦ 

Environmental changes and population growth are putting increasing pressure on 
10 water supplies as we enter the 21 st century. Processes such as wastewater purification, 
sewage treatment and minerals processing rely upon the efficient removal of suspended 
solids in the form of fine colloidal particles with sizes in the sub-micron range. 
Brownian motion and small particle mass produce very slow sedimentation rates.of these 
small particles when dispersed in a liquid (such as water), which make removal of those 
15 particles from the liquid a difficult operation. It is common practice that the particles are 
usually caused to aggregate to facilitate more rapid settling and easy removal of the 
solids by gravity. In an aqueous system, this can be achieved in a number of ways 
including the addition of excess electrolyte (coagulation), the addition of a hi^h 

■ 

mojecular weight polymer (bridging flocculation) and change of pH. Bridging 
20 flocculation is important in wastewater treatment and mineral tailings disposal. 

In addition to rapid sedimentation, the properties of the resulting dewatered 
product (sediment or filter cake in the case of filtration) are important for the down 
stream processing. The consolidation behaviour and rheological (flow) of the sediment 
bed (including compressive yield stress Py and shear yield stress %y) are important in 
25 both the dewatering operation and the down stream processes. For instance, the final 
liqiiid content (moisture in the case of water) of the sediment should usually be 
miitfmised. Low moisture contents in sediments means that there is better solid/fluid 

* 

separation efficiency, .which is usually the desired goal. Quickly reaching that high 
separation efficiency is also desirable form an economic point of view. The compressive 
30 yielil stress and the hindered settling factor are parameters that can be used to 

characterise the moisture content of the dewatered product and the rate of dewatering 
respectively. The viscosity and shear yield stress of the dewatered suspension are 



■ 
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important factors in the pumping of the dewatered suspensions during processing and 
disposal. 

For example the treatment of waste-water at a solids volume fraction of around 1% 
from a mineral processing plant are initially flocculated at the inlet to a thickener. The 

5 solids are then concentrated by gravitational sedimentation to the bottom of the 
thickener.- The underflow from the thickener will have a solids volume fraction of 
+20%. This slurry is then passed through a high shear pump before further processing to 
remove all remaining moisture for example in a tailings pond. The clear water from the 
top portion of the tailings pond is typically recycled back to the processing plant for 

10 reuse. However, increased environmental pressures encourage the use of an in-line 
filtration step resulting in a 'dry cake' that is more easily transported and used as back 
fill.- Ultimately more efficient solid/liquid separation results in both a lower volume of 
solids containing suspension to be disposed of and a greater fraction of recycled water. 

Previous analysis of processes similar to the above can separate the process into a 
15 number of steps. These include settling, sediment consolidation, sediment pumping and 
filtration of the sediments. The precise demarcation between these steps is sometimes 
not clear and they are influenced to a large extent by the state of the initial suspension. 
The process of efficiently and rapidly separating the solid particles from a fluid and 
recovering the associated fluid phase is quite complex. It is possible to separately 
20 optimise the settling, sediment consolidation, sediment pumping and filtration steps by, 
for example, different chemical additives or adjustment of process variables such as 
pressure and shear rate. However, obtaining optimum properties for each step can 
typically be mutually exclusive when the solution conditions are 

To explain, settling depends to a large extent on aggregate size and its density. 
25 Consolidation of the sediment bed occurs in response to an applied load. The efficiency 

* 

of sjich consolidation depends upon the compressive yield strength of the bed. In* 
sediment pumping, the flow of the sediment in response to a shear stress depends upon 
the shear yield stress and viscosity of the sediment particle network. Filtration of the 
sediment will depend upon the applied pressure, the network compressive yield strength 
30 and permea}rility/poor distribution in the bed. 

As can be seen from the above, there are a number of competing interests when 
separating solids from solid/liquid suspensions. 



It is an object of the present invention to overcome or ameliorate at least one of the 
disadvantages of the prior art, or to provide a useful alternative, 
DISCLOSURE OF THE INVENTION 

The present invention provides a method of controlling the state of a suspension of 
5 solid particles in a liquid, comprising, applying to the suspension a stimulus adapted to 
control inter-particle attraction of the solid particles in the liquid, said stimulus being 
reversibly activatable to control attraction and/or repulsion of said particles in said liquid 
whprein said stimulus is applied for a sufficient time to provide the desired attraction or 
repjilsion of particles. 

10 In a preferred embodiment, the stimulus is a change in pH and/or a change in 

temperature. The Applicant has surprisingly found that the application of a stimulus 
such as pH change or temperature change can reversibly control attraction and/or 
repulsion of particles within the liquid. The Applicant has noted that it is the chemistry 
of tihe suspension that controls interactions between the individual particles. These 

15 interactions which may be repulsive or attractive, control the behaviour of the particles 
in the suspensions such as settling rate, final sediment height and moisture levels, 

« 

compressive yield strength and shear flow properties such as shear yield stress and 
viscosity. 

In another preferred embodiment the stimulus is exposure to light e.g. ultraviolet, 
20 UV or visible light, exposure to darkness i.e. masking/shielding from light and/or a 

chahge in the wavelength of light exposure. The Applicant has found that application of 

■ 

such a stimulus either instead of or in addition to pH and/or change in temperature can 
reversibly control attraction and/or repulsion of particles within the liquid. Such 
exposure to light/darkness and/or manipulation of the wavelength of light can occur 

25 artificially or in some cases may occuir naturally. For instance, in the process of refining 
Bauxite to alumina application of light may naturally occur in a conventional thickener 
due to sunlight. Accordingly, if a photosensitive flocculant is added to the top of the 
thicjcener where the solids concentration approaches zero, light will easily penetrate the 
top .section of the thickener and simulate flocculation. The density of the resulting 

30 sediment bed, however, will be high enough to make the sediment opaque and 

accordingly light cannot penetrate into the sediment. The state of the suspension will 
theij revert to dispersed and the settlement will consolidate further. 



• 
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In a further embodiment, the chemistry of the suspension may be altered by adding 
a chemical additive such as a polymer which is stimulant sensitive. The addition of such 
a stimulant sensitive chemical increases the sensitivity and ability to control the state of 
the suspension using the aforementioned applied stimulus, eg change of pH, change of 
5 temperature exposure to light and/or manipulation of wavelength or light. In still a 
further embodiment, the stimulus comprises a stimulant sensitive polymer. 

The present invention strives to improve dewatering efficiencies and produce both 
improved sedimentation of fine particles and dense sediment beds and filter cakes by 
controlling the inter-particle forces in the suspension. By controlling the inter-particle 
10 forces between the solid particles in suspension, it is possible to control the behaviour of 
the suspension during each stage of a separation process. The invention provides the use 
of & stimulus to alter the inter-particle forces e.g. from repulsive to attractive and back to 
repulsive. 

Application of the stimulus as mentioned above causes the suspension to separate 
15 into a solids rich phase and a liquids rich phase. These two phases can then be separated 

in accordance with conventional technology, to undergo further processing. 

For instance, in one example, the inter-particle forces of the solid particles may 

■ 

first be controlled to be attractive, such that the particles aggregate and thereby decrease 
settling times. The resulting sediment can then be removed by a thickener, filter or other 

20 device. Alternatively, the liquid above the sediment can be removed/decanted soon after 
rapid sedimentation, as is current best practice. 

The remaining high solids suspension (solids rich phase) may undergo further 
consolidation by then reverting the inter-particle forces back to repulsion, ie removing or 
reversing the stimulus which caused the attraction. This allows any liquid remaining in 

25 the sediment to be expressed and recovered after waiting a suitable period of time for 
additional consolidation. ,As will be clear to persons skilled in the art, it is currently not 

* 

possible to recover such additional fluid utilizing conventional techniques. 

As will be clear to persons skilled in the art, the present invention provides a 
technique for controlling the state of a suspension and thereby improving the efficiency 
30 of later techniques for separating the solid particulate material. Controlling 

attraction/repulsion of the particles improves sedimentation both in speed and recovery, 
andifiirther allows control over the solids concentration of the sediment, filter cake or 
thickener underflow. In addition to the greater solids concentration in the dewatered 
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prbduct, a dewatered product should also have a lower viscosity due to the.repulsive 
forces between the particles which may result in improvements in pumping the 
dewatered product to the next process operations. 

In preferred embodiments, the stimulus used to control the inter-particle forces can 
5 include pH, temperature, exposure to light (or darkness) and/or manipulation of 
wavelength or light as discussed above. As an example, pH may be increased or 

* 

decreased to create aggregation or repulsion. The pH stimulus may be applied without a 
chemical additive such that as the pH nears the iso-electric point of the suspension, the 

* 

inter-particle forces become attractive. As the pH moves away from the iso-electric 

10 poftit, these inter-particle forces become repulsive. 

Similarly, temperature may be either increased or decreased and/or the suspension 
and be subjected to exposure and/or manipulation of wavelength(s) or light to create 
aggregation or repulsion. 

If chemical additives are used, it is preferable that a single chemical additive be 

15 chosen rather than a mixture of chemical additives. To explain, a single chemical 
additive may be selected which can act as a flocculant (inter-particle attraction) or a 
dispersant (inter-particle repulsion) depending upon the application of certain process 
parameters. This is to be preferred over separate chemical additives for flocculation and 
dispersion as it provides simplicity both in the materials added to the suspension but also 

20 reduces the need for additional mixing steps. 

A particularly preferred stimulus sensitive polymer is a polyelectrolyte which in 
certain embodiments may be anionic or cationic. The polymer is preferably one which 
adsprbs to the surface of the particle and in a sufficient quantity to create steric or 
eledtrosteric repulsion between, the particles. 

25 In one embodiment, the polyelectrolyte is selected such that it is soluble at pH 

values where it is charged and poorly soluble at pH values where it has little charge. 
Accordingly, it will be clear to persons skilled in the art that by changing to a pH where 
the polyelectrolyte has little charge attraction and resultant flocculation will occur. 

a a 

Preferably the polyelectrolyte is one or combination of the following polymers: 
30 chitosan, ,polyacrylic acid, polyacrylamides and derivatives thereof, polymethacrylic 
acicl, polystyrene sulfanate, polysulfanamide poly(2-vinylpyridine) and others described 
in the Journal of Controlled Release, 15, 141 (1991) incorporated herein by reference, 
polysaccharides such as xanthan, carragenan, agarose, agar, pectin, guar gum and others 
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de$cribed in Lapasin and Pricl, Reology of Industrial Polysaccharides: Theory and 
Application, Blackie Academic and Professional, 1994, incorporated herein by 
reference. 

In an alternative embodiment, the polymer may be temperature sensitive such that 
5 it is soluble at low temperatures and poorly soluble or gels at higher temperatures. 
Alternatively, the temperature sensitive polymer may be chosen such that it is soluble at 

■ 

high temperature or gels at low temperature. 

Suitable temperature sensitive polymers include one or a combination of the 
following polymers: poly(N-isopropylacrylamide) (polyNIPAM), co-polymers of poly 

10 NIP AM with other polymers such as polyacrylic acid, methylcellulose, ethyl 
hydroxyethyl cellulose, caiboxymethyl cellulose, hydrpphobically modified ethyl 
hy<iioxyethl cellulose, and other related polymers, gelatine, agarose, agar, pecton, 
caitagenan, xanthan gum, guar gum. 

In still another embodiment, the additive may be a photosensitive molecule or 

15 polymer. Exposing photosensitive molecules to either UV or visible light causes them to 
change molecular configuration such that their solubility in water is either increased or 
reduced. Subsequent absence of light (darkness) causes the molecule to revert to its 
original configuration. -Usually the water soluble configuration of the molecule has a 
open form and the corresponding hydrophobic configuration has a closed form. 

20 Polymers containing photosensitive molecules and derivatives of photosensitive 
molecules are also suitable additives for creating light stimulated flocculation and 
consolidation. Suitable polymers for the inclusion of photosensitive units into the side 
chains include poly peptides, such as lysine, glutamic acid, poly acrylamides, 
polyelectrolytes and other water soluble molecules. Another class of photosensitive 

25 molecules changes from theiydrophilic to the hydrophobic fonn in aqueous solution 
wh6n the wavelength of light is changed from the visible to the ultraviolet. Polymers 
responsive to this sort of stimulus include, poly dimethylacrylamide/N-4- 
phejnylazophenylacrylamide (DMAAm) and poly dimethylacrylamide/ 4- 
phenylazophenylacryate (DMAA). 

30 As it would be clear to a person skilled in the art, the stimulus may be applied or 

remjoved to create attraction and/or repulsion in accordance >yith the process 
requirements. It is suitable for a variety of processes including simple, solid/liquid 
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separation, water clarification, and aid in mineral processing or to produce rapid 
dewatering: 

In yet another embodiment, if aggregation occurs by another/for example, 
conventional, technique the stimulus may only be applied following production of the 

■ 

5 sediment bed to thereby induce repulsion, further densification and consolidation of the 
filter cake and greater recovery of the clarified liquid from a filter press, for example, as 
discussed above. 

* 

In another aspect, the present invention provides a method of consolidating a 
sediment bed comprising applying to the bed a stimulus adapted to promote inter- 

10 particle repulsion in the sediment bed, and applying said stimulus for a sufficient time to 
liberate at least some of the liquid trapped within the bed and allow further 
setflingfconsohdation of the particles in the sediment bed 

Once again, this application of the method to consolidate a sediment bed can be 
conducted using a variety of stimulus including pH or temperature change exposure to 

15 light or darkness and manipulation of light wavelength, with or without chemical 

additive. In regard to the chemical additive, it will be understood that it will be difficult 
to provide thorough mixing of a chemical additive to a sediment bed. Accordingly, if 
sucji consolidation of the sediment bed is required, it is preferred that the appropriate 
chemical additive be added to the suspension prior to formation of the sediment bed. 

20 The present invention also provides a method of separating solid particles from a liquid 
comprising applying the aforementioned methods for a time sufficient to provide a solids 
ricl^ phase and a liquids rich phase, and then separating the two phases. 

■ 

There are a number of different ways in which the present invention may be used 
to promote and assist in solid/liquid separation. 

25 BRJfEF DESCRIPTION OF DRAWINGS 

The present invention will now be described by way of example only with 
reference to the accompanying drawings and examples. Each Figure shows a number of 
test tubes. Each tube is identified by a number that corresponds to the Example in which 
the photo is featured and a letter representing its position in the photo. From left to right 

30 the fetter designation increases alphabetically. 

Figqre 1. Alumina suspensions 15 minutes after the start of sedimentation. Tube 1.A is 
at pfl 4, tube 1.B is at pH 6, tube l.C is at pH 8.8, tube 1.D is at pH 8,8, tube 1.E is at 
pH $.8. 

* 



* 
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Figure 2. Alumina suspensions 120 minutes after the start of sedimentation. Tube 1.A 
is stfpH 4, tube 1.B is at pH 6, tube l.C is atpH 8.8, tube 1.D is at pH 8.8, tube 1.E is at 
pH8.8. 

Figure 3. Alumina suspensions 89 hours after the start of sedimentation. Tube 1. A is at 
5 pH.4, tube 1.B is at pH 6, tube l.C is at 8.8, tube 1.D was at pH 8.8 for 2 hours then at 
pH'3.5, tube 1.E was at pH 8.8 for 2 hours then at pH 6.0. 

Figure 4. Silica suspensions after 15 minutes of sedimentation. Tube 2.A is at pH 5, 
tub;e 2.B is at pH 7, tube 2.C is at pH 3.8, tube 2.D is at pH 3.8, tube 2.E is at pH 3.8, 
tube 2.F is at pH 3.25, tube 2.G is at pH 3.25 and tube 2.H is at pH 325. 
10 Figure 5. Silica suspensions after 60 minutes of sedimentation. Tube 2.A is at pH 5, 
tube 2.B is at pH 7, tube 2.C is at pH 3.8, tube 2.D is at prf 3.8, tube 2.E is at pH 3.8, 
tube 2.F is at pH 3.25, tube 2.G is at pH 3.25 and tube 2S. is at pH 325. 

* 

Figure 6. Silica suspensions after 22 hours of sedimentation. Tube 2. A is at pH 5, tube 
2.B is at pH 7, tube 2.C is at pH 3 .8, tube 2.D was at pH 3 .8 for 1 hour then at pH 4.7, 
15 tube 2.E was at pH 3.8 for 1 hour then at pH 10.5, tube 2.F is at pH 3.25, tube 2.G was at 
pH 3.25 for 1 hour then at pH 7.0 and tube 2.H was at pH 3.25 for 1 hour then at pH 
10.2. 

. Figure 7. Tube 3. A contains titania at pH 4.3; tubes 3 .Band 3. C contain titania at pH 
7.5. Tube 3.D contains zircon at pH 9.2; tubes 3.E and 3.F contain titania at pH 4.0. 
20 The photo was taken 1 5 minutes after settling began. 

Figure 8. Tube 3.A contains titania at pH 4.3; tubes 3.B and 3.C contain titania at pH 
7.5. Tube 3.D contains zircon at pH 9.2; tubes 3;E and 3 JF contain titania at pH 4.0. 
The photo was taken 2 hours after settling began. 

Fig&re 9. Tube 3.A contains titania at pH 4.3; tube 3.B contains titania at pH 7.5; tube 
25 3.C,contains titania that was at pH 7.5 for 2 hours then at pH 4.3. Tube 3.D contains 
zircon at pH 9.2; tube 3.E contains titania at pH 4.0; tube 3.F contains zircon that was at 
pH 4.0 for 2 hours then at pH 9.2. The photo was taken 24 hours after settling began. 
Figure 10. Ten weight percent alumina suspensions with 750,000 MW poly acrylic acid 
(PAjA) at pH 8.0 after 60 minutes settling. Tube 4.A contains 0.05 % of PAA by wt of 
30 aluifcina; tube 4.B contains 0. 1 % of PAA by wt of alumina; tube 4.C contains 0.2 % of 
PAA by wt of alumina; tube 4.D contains 0.3 % of PAA by wt of alumina; tube 4.E 
contains 0.4 % of PAA by wt of alumina; tube 4.F contains 0.5 % of PAA by wt of 
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* 

alujnina; tube 4.G contains 1.0 % of PAA by wt of alumina; tube 4.H contains 0.25 % of 
PAjA by wt of alumina. 

Figure 1 1 . Ten weight percent alumina suspensions with 250,000 MW poly acrylic acid 
(PAA) at pH 8.0 after 60 minutes settling. Tube 4.1 contains 0.05 % of PAA by wt of 
5 alupiina; tube 4. J contains 0.1 % of PAA by wt of alumina; tube 4.K contains 0.2 % of 
PAA by wt of alumina; tube 4.L contains 0.3 % of PAA by'wt of alumina; tube 4.M 
contains 0.4 % of PAA by wt of alumina; tube 4.N contains 0.5 % of PAA by wt of 
alumina; tube 4.0 contains .1.0 % of PAA by wt of alumina; tube 4.P contains 2.0 % of 

♦ 

PAA by wt of alumina. 

* 

10 Figure 12. Ten weight percent alumina suspensions with 750,000 MW poly acrylic acid 
(PAA) at pH 3.0 after 10 minutes settling. Tube 4. A contains 0.05 % of PAA by wt of 
alumina; tube 4.B contains 0.1 % of PAA by wt of alumina; tube 4.C contains 0.2 % of 
PAA by wt of alumina; tube 4JD contains 0.3 % of PAA by wt of alumina; tube 4.E 
contains 0.4 % of PAA by wt of alumina; tube 4.F contains 0.5 % of PAA by wt of 

* 

15 alumina; tube 4.G contains 1.0 % of PAA by wt of alumina. 

Figure 13. Ten weight percent alumina suspensions with 250,000 MW poly acrylic acid 

■ 

(PAA) at pH 3.0 after 30 minutes settling. Tube 4.1 contains 0.05 % of PAA by wt of 
alumina; tube 4. J contains 0.1 % of PAA by wt of alumina; tube 4.K contains 0.2 % of 

I 

• PAA by wt of alumina; tube 4.L contains 6.3 % of PAA by wt of alumina; tube 4.M 
20 contains 0.4 % of PAA by wt of alumina; tube 4.N contains 0.5 % of PAA by wt of 
alumina; tube 4.0 contains 1.0 % of PAA by wt of alumina; tube 4.P contains 2.0 % of 
PAA by wt of alumina. 

Figure 14. Ten weight percent alumina suspensions after 30 minutes of settling. Tubes 
5.A, 5.B, and 5.C contain 0.4 % of 250,000 MW PAA by weight of alumina. Tubes 5.D, 
25 5.E, and 5.F contain 0.4 % of 750,000 MW PAA by weight of alumina. Tubes 5.A and 

4 

5.D are at pH 8.0 while tubes 5.B, 5.C, 5.E, and 5.F are at pH 3.5. 
Figure 15. Ten weight percent alumina suspensions after 90 minutes of settling. Tubes 
5.A,5.B, and 5.C contain 0.4% of 250,000 MW PAA by weight of alumina. Tubes 5.D, 
5.E, and 5.F contain 0.4 % of 750,000 MW PAA by weight of alumina. Tubes 5.A and 
30 5.D are at pH 8.0 while tubes 5.B, 5.C, 5.E, and 5.F are at pH 3,5. 

Figure 16. Ten weight percent alumina suspensions after 48 hours of settling. Tubes 
5.A> 5.B, and 5.C contain 0.4 % of 250,000 MW PAA by weight of alumina. Tubes 5.D, • 
5 .E, and 5 ,F contain 0.4 % of 750,000 MW PAA by weight of alumina. Tubes 5 .A and . 



i 
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5.D were kept at pH 8.0 the entire time; tubes 5.B and 5.E were kept at pH 3.5 the entire 
time; tube5.C was at pH 3.5 for 2 hours then at pH 8.5; tube5.F was at pH 3.5 for 90 

* 

minutes then at pH 8.5. 

Figure 17. Three weight percent silica suspensions at pH 4.5 after 90 minutes of 
5 settling. Tube 6.A contains 0.1 % chitosan by weight of silica; tube 6.B contains 0.25 % 
chitosan; tube 6.C contains 0.5 % chitosan; tube 6.D contains 1.0 % chitosan; tube 6.E 
contains 1.5 % chitosan; tube 6.F contains 2.0 % chitosan. 

Figure 18. Three weight percent silica suspensions at pH 4.5 after 18 hours of settling. 
Tube 6.A contains 0.1 % chitosan by weight of silica; tube 6.B contains 0.25 % chitosan; 
10 tube 6.C contains 0.5 % chitosan; tube 6.D contains 1 .0 % chitosan; tube 6.E contains 
1.5 % chitosan; tube 6.F contains 2.0 % chitosan. 

Figure 19. Three weight percent silica suspensions after 1 minute of settling. Tube 7.A 
contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 

15 chitosan at pH 8.0. , 

Figure 20. Three weight percent silica suspensions after 10 minutes of settling. Tube 
7 A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 

■ 

chitosan at pH 8.0. 

20 Figure 21. Three weight percent silica suspensions after 30 minutes of settling. Tube 
7.A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 
chitosan at pH 8.0. 

Figure 22. Three weight percent silica suspensions after 90 minutes of settling. Tube 
25 7. A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8;0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tube 7.D contains 2.0 % chitosan and 
was| at pH 8.0 for the entire time; tube 7.E contains 2.0 % chitosan and was at pH 8.0 for 
45 minutes then at pH 4.5. 

Figvire 23, Three weight percent silica suspensions after 180 minutes of settling. Tube 

■ 

30 7.D' contains 2.0 % chitosan and was at pH 8.0 for the entire time; tube 7.E contains 2.0 
% chitosan and was at pH 8.0 for 45 minutes then at pH 4.5. 

Figijre 24. Three weight percent silica suspensions after 24 hours of settling. Tube 7. A 
contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
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contains 2.0 % chitosan by wt of silica at pH 4.5; tube 7.D contains 2.0 % chitosan and 

r 

was at pH 8.0 for the entire time; tube 7.E contains 2.0 % chitosan and was at pH 8.0 for 

* 

45 toiinutes then at pH 4.5. 

Figure 25. Three weight percent silica suspensions after 24 hours of settling. Tube7.D 
5 contains 2.0 % chitosan and was at pH 8.0 for the entire time; tube 7.E contains 2.0 % 
chitosan and was at pH 8.0 for 45 minutes then at pH 4.5. 

* 

Figure 26. Three weight percent silica suspensions after 36 hours of settling. Tube 8. A 
contains 1.0 % chitosan by weight of silica at pH 4.5; tube 83 contains 1.0 % chitosan 
at pH 8.5 for the entire time; tube 8.C contains 1.0 % chitosan and was at pH 8.5 for 10 
10 minutes then at pH 4.5; tube 8.D contains no chitosan and was at pH 4.5. 

Figure 27. Five weight percent zircon suspensions after 15 minutes of settling. Tubes 
9. A, 9.B, and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 
9.F contain 2.0 % of chitosan by weight of zircon. Tubes 9. A and 9 J) are at pH 5.0 

■ 

while tubes 9.B, 9.C, 9.E, and 9.F are at pH 7.7. 
15 Figure 28. Five weight percent zircon suspensions after 45 minutes of settling. Tubes 
9.A, 9.B, and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 
9J? contain 2.0 % of chitosan by weight of zircon. Tubes 9. A and 9.D are at pH 5.0 
while tubes 9.B, 9.C, 9.E, and 9.F are at pH 7.7. 

Figure 29. Five weight percent zircon suspensions after 23 hours of settling. Tubes 9. A, 
20 9.B ? and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 9.F 
contain 2.0 % of chitosan by weight of zircon. Tubes 9. A and 9.D were kept at pH 5.0 
the entire time; tubes 9.B and 9.E were kept at pH 7.7 the entire time; tube 9.C was kept 
at pH 7.7 for 45 mins. then at pH 5.0; tube 9.F was kept at pH 7.7 for 90 mins. then at 
pH j5.0. 

25 Figijire30. Five weight percent zircon suspensions after 23 hours of settling. The tubes 
contain 0.5 % of chitosan by weight of zircon. Tube 9.A was kept at pH 5.0 the entire 
time; tube 9.Bwas kept at pH 7.7 the entire time; tube 9.C was kept at pH 7.7 for 45 
mins. then at pH 5.0. 

Figure 31. Five weight percent zircon suspensions after 23 hours of settling. The tubes 

* 

30 contain '2.0 % of chito.san by weight of zircon. Tube 9.D were kept at pH 5.0 the entire 
tim$; tube 9.E were kept at pH 7.7 the entire time; tube 9.F was kept at pH 7.7 for 90 
mins. then at pH 5.0. 
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Figure 32. Five weight percent alumina suspensions after 90 minutes of settling. Tubes 
10.A, 103, and 10.C contain 1.0 % of chitosan by weight of alumina. Tubes 10.D, 
10.E, and 10.F contain 2.0 % of chitosan by weight of alumina. Tubes 10.A and 10.D 
are at pH 5.0 while tubes 103, 10.C, 10.E, and 10.F are at pH 10.0. 

5 Figure 33. Five weight percent alumina suspensions after 23 hours of settling. Tubes , 
10.A, 103, and 10.C contain 1 .0 % of chitosan by weight of alumina. Tubes 10.D, 
103, and 10.F contain 2.0 % of chitosan by weight of alumina. Tubes 10.A and 10.D 
were kept at pH 5.0 the entire time; tubes 10.B,and 10.E were kept at pH 10.0 the entire 
time; tube 10.C was kept at pH 10.0 for 90 mins. then at pH 5.0; tubelCF was kept at 

10 pH 10.0 for 120 mins. then at pH 5 .0. 

Figure 34. Silica suspensions (7.7 wt %) at pH 5.5 after 2 mins. of settling. Tubes 11 A 
and 1 1 .B contained no polymer, tubes 1 1 .C, il JD and 1 1JB contained 2.5 % poly 
(NFAM) 132,000 MW, tubes 1 1.F, 1 l.G and 1 1.H contained 2.0 % poly (NIP AM) 
132,000 MW. tubes 11. A, ll.Cand 1 1 .F are at 22°C, tubes 11JB, 11.D, 11.E, ll.Gand 

15 1 1 .H are at 40°C. Note the brightness and contrast of the digital photo have been 
adjlisted in order to make the appearance of the photo similar to the actual visual 
appearance of the tubes. 

Figure 35. Silica suspensions (7.7 wt %) at pH 5.5 after 20 mins. of settling. Tubes 
1 1 .A and 1 1 JB contained no polymer, tubes 1 1 .C, 1 1 .D and 1 1 .E contained 2.5 % poly 
20 (NIP AM) 1 32,000 MW, tubes 1 1 .F, 1 1 .G and 1 1 .H contained 2.0 % poly (NIPAM) 

■ 

132,000 MW. Tubes 11A, ll.Cand ll.Fareat22°C,tubes 113, 11.D, 113, ll.Gand 

« 

1 1 .H are at 40°C. The black line indicates the sediment height at this time. Note the 

» 

brightness and contrast of the digital photo have been adjusted in order to make the 

■ 

appearance of the photo similar to the actual visual appearance of the tubes. 
25 Figure36. Silica suspensions (7.7 wt%) at pH 5.5 after 24 hrs. of settling. Tubes 11 A 

■ « 

and 1 LB contained no polymer, tubes ll.C, ll.D and 11JB contained 2,5 % poly 
(NIPAM) 1 32,000 MW, tubes 1 1 .F, 1 1 .G and 1 1 .H contained 2.0 % poly (NIPAM) 
133,000 MW. Tubes 11.A, ll.C and 11 J were at 22°C the entire time; tubes 11.B, 11.D 
and, ll.G were at 40°C the entire time; tubes 1 1 .B and 1 1 .H were at 40°C for 20 minutes 
30 the$ at 22°C for the remainder of the time. The upper black line indicates the sediment 
height at 20 minutes and the lower black line indicates the sediment height after 24 
hovtrs. Note the brightness and contrast of the digital photo have been adjusted in order 
to tfiake the appearance of the photo similar to the actual visual appearance of the tubes. 



-13- 

» 

* 

Figure 37. Close up photo of tubes 1 LA and 1 LB, same conditions and time as in 
Figure 36. 

« 

Figure 38. Close up photo of tubes 1LC, 1LD and 1LE, same conditions and time as in 
Figure 36. 

5 Figure 39. Close up photo of tubes 1 LF, 1 LG and 1 1 .H, same conditions and time as in 
Figure 36. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention will now be described with reference to Figures 1 to 39 and 
Examples 1 to 1 1 which display control of the inter-particle forces in a suspension using 
10 an applied stimulus. In .this case, the stimulus applied is pH and/or temperature with and 
without chemical additives. 

■ 

The invention provides a process whereby the inter-particle forces may be 
controlled between attraction and repulsion using an applied stimulus. The following 
discussion will relate to an example whereby the applied stimulus firstly creates 
15 attraction and aggregation of the solid particles so that they settle rapidly. In the 
examples, after the solids and liquids have been separated into a primary solids rich 
phase and primary liquids rich phase, by means, well known in the field, the inter-particle 

forces are controlled to switch to repulsive. This repulsion allows the solids rich phase 

« 

to settle/consolidate further and, in the process, expel more liquid to provide a secondary 
20 liquid rich phase and a secondary solids rich phase which is higher in solids content, ie 

■ 

greater consolidation, than the primary solids rich phase. 

Generally sedimentation and consolidation of the solid particles may be performed 
' under the influence of gravity. However, additional applied forces such a centrifugal 

* 

• force, pressure or vacuum, may be applied in use. 

■ 

25 There are a variety of methods for controlling the inter-particle forces to be either 

. attractive or repulsive. As discussed below, these methods can involve the attraction or 

» 

repulsion of the solid particles in a fluid with or without the use of chemical additives. 

By way of background, particles that have repulsive forces between each other 
remain as individual particles in the liquid. When the particles' are very small (less than 
30 about 20 microns) they have very little mass and will settle very slowly under the 
influence of gravity. However, when the particles do eventually settle the resulting 
sedijnent bed is quite dense. These suspensions consolidate to relatively high volume 

> 

fractions of solids (low moisture contents) even at low applied consolidation pressures. 



■ 
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Suspensions of particles interacting with long range repulsive pair potentials are 
refejrred to as dispersed or stabilized and generally have low viscosities, low yield 
stresses and liquid-like behavior. 

When there are attractive forces between particles the particles are pulled together 
5 to form aggregates. The aggregates have much larger mass than the individual particles 
(as they typically contain thousands or more primary particles) and thus they settle much 
mote rapidly than the individual particles. The sediment beds that form unfortunately 
are of relatively low density and contain high residual moisture contents. These 
suspensions require high pressures to consolidate to higher volume fractions when 
10 compared to the same particles interacting with repulsive forces. Suspensions of 
particles interacting with strongly attractive pair potentials generally have high 
viscosities, high yield stresses and elastic-like behavior. 

Attractive forces can be created by reducing the surface charge of the particles to 
near nothing by either adjusting the pH to near the isoelectric point (pH at which the 
15 surface charge is neutalised) or by adding electrolyte to neutralize the surface charge 

4 

(coagulation). 

There are typically two methods of creating repulsion between particles. First, the 
Electrical Double Layer (EDL) method can be used by adjusting solution conditions so 
that there is a similar surface charge on the all the particles. Surface charge is usually 
20 created either by adjusting the pH to values away from the iso-electric point (pH where 
the particles are neutral) or by adding a charged species that adsorbs to the particles. 
Sintflarly charged particles repel each other and oppositely charged particles attract. 

The second method, "steric repulsion" relies on the adsorption of a polymer on the 
particles surface that is soluble in the suspending fluid. The polymer must be adsorbed 
25 in stifficient quantity to completely cover the surface of the particles. The polymer 
extending out from the surface creates a cushion that prevents particles from coming 
together (repulsion). The polymers that work best in creating steric repulsion are 
.. typibally low to moderate molecular weight. (About 2,000 to 1,000,000 MW.) Electro- 
steric stabilization occurs when the polymer creating the steric repulsion is also charged 
30 so as to create an EDL repulsion. The addition of surfactants may also be used to create 
repulsion between particles and stable suspensions. 

In one embodiment of the invention, the natural van der Waals attraction between 

■ 

the particles can be used to create attraction/agglomeration of the particles. This is done 
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by adjusting the pH to the iso-electric point of the particles. At this point, the particles 
will aggregate and settle to the bottom of the container. Once the particles have formed 
a sediment bed and consolidated to the maximum extent that is possible under the 
attractive force, the pH can be adjusted to a value away from the iso-electric point so 
5 that repulsion will result. The sediment bed will then undergo further consolidation by 
expelling any liquid trapped within the sediment bed. Examples 1 to 3 illustrate the use 
of pH to switch between van der Waals attraction and electrical double layer repulsion 
for several different minerals. 

10 EXAMPLES 1 TO 3 - EDL ATTRACTION 
EXAMPLE 1 

Electrical Double Layer, pH, stimulated flocculation and consolidation of alumina 

• # 

A commercial high purity alpha alumina powder (AKP-30, Sumitomo Corp. Japan) with 
a average particle size of about 0.3 microns and a density of 3.97 g cm" was dispersed m 

1 5 de-ionised water as a 1 0 wt % suspension at its natural pH near 6. Each of five test tubes 
of 4pprox. 60 ml volume was filled with 50 g of the 10 wt % alumina suspension. Tube 
LA was adjusted to pH 4.0 with HC1. Tube 1:B was adjusted to pH.6.0 with KOH. 
Tul?e l.C , l.D, and 1.E were adjusted to pH 8.8. The isoelectric point of alumina 
ponder is about pH 9 and at pH below 7 significant positive surface charge results 

20 (Franks and Meagher, 2003). The suspensions in the tubes at pH 4 and 6 remained 
suspended for at least 89 hours while the suspensions in the tubes at pH 8.8 rapidly 
aggregated and settled out. (See Figures 1,2 and 3,). After 2 hours of sedimentation the 

■ 

rate of settling had decreased significantly in the tubes ait pH 8.8 (Figure 2). After 2 hrs. 
the pH of tube 1 .D. was adjusted to 3.5 and the pH of tube 1 .E was adjusted to pH 6.0. 

25 Aftpr 24 hours the sediment volume of tube 1.D had decreased slightly compared to 
tub?s l.C and I.E. Figure 3, shows the tubes after 89 hours of sedimentation. The 
sediment volume of tube l.D was 12.01 ml while the sediment volume of tube l.C was 
14.49 ml. The sediment volume of tube 1.E was 14.52 ml, nearly the same as tube 1 .C. 
Changing the pH of the suspension in tube l.D to 3,5 created a significant double layer 

30 repulsion that allowed the sediment to slowly consolidate more than the tubes at higher 
pH values. The similar sediment volumes of tubes l.C (pH 8.8) and 1JB (pH 6.0) 
indicates that reducing the pH only to 6.0 was not sufficient to develop a large enough 
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surface charge to re disperse the alumina particles in tube 1 .E, thus no additional 
consolidation was noted compared to tube 1 .C. 
EXAMPLE 2 

v 

Electrical Double Layer, pH, stimulated flocculation and consolidation of silica 
5 Silica (ground quartz, 99% pure) with an average particle size of approximately 2 

microns was purchased from Sigma Aldrich. Ten weight percent silica was dispersed in 
distilled water. Each pf eight test tubes of approx. 60 ml volume was filled with 50 g of 
the 10 wt % silica suspension. Tube 2. A was adjusted to pH 5.0 with Hd Tube 2.B 
was adjusted to pH 7.0 with KOH. Tubes 2.C, 2.D and 2.E was adjusted to pH 3.8 with 

10 HC1. Tubes 2.F,2.G, and 2.H were adjusted to pH 3.25 with HC1. The suspensions in 
the tubes at pH 5 and 7 remained stable for at least 22 hours, while the suspension in the 
tubes at pH 3.8 and 3.25 rapidly aggregated and settled out. See Figures4, 5 and 6. The 
isoelectric point (iep) of silica is at about pH 3.0; at pH above 5 significant negative 
surface charge develops (Tadros and Lyklema, 1968). The surface charge creates an 

15 electrical double layer repulsion at pH 5 and above resulting in the stable suspensions, 
while at pH below 4 (near the iep) there is insufficient surface charge to stabilize the 
silica and rapid aggregation results due to van der Waals attraction (Israelachvili, 1992; 
Hunter, 2001). After 60 minutes of settling the rate of sedimentation had slowed 
considerably and the sediments in tubes 2.C, 2.D, 2.E, 2 J 7 , 2.G, and 2.H occupied about 

20 20 to 25 % of the tubes volume. (See Figure 5). The pH of tube 2.D was adjusted to pH 
4.7. The pH of tube 2.E was adjusted to pH 10.5. The pH of tube 2.G was adjusted to 
pH 7.0. The pH of tube 2.H was adjusted to pH 10.2. The increase in pH increased the 

■ 

surface charge of the silica in the sediments and an electrical double layer repulsion was 
created. Sedimentation was allowed to continue. After 22 hours the final sediment 



25 volijme of the tubes that had been adjusted to pH above 10 was significantly less than 
the tubes that had been kept at pH between 3 and 4. (See Figure 6, and Table 1) 
TABLE 1. 



Tube number 


Sediment volume after 22 hrs _ 


2.C 


7.44 ml 


2.D 


6.75 ml 


2.E 


6.18 ml 

■ 


'2.F 


8.35 ml 


2.G 


8.35 ml . 
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Only the tubes that were adjusted to above pH 10 sowed any significant sediment 

■ 

coqsolidation compared to the tubes kept at pH near the iep. This suggests that the 

adjustment of the pH up to only pH 4.7 to 7.0 was not sufficient to develop a great 

» * 

enough surface charge to redisperse the sediments in the tubes. Thus little additional 

* 

5 consolidation occurred in tubes 2.D and 2.G compared to the tubes kept at pH near the 
iep. 

EXAMPLE 3 

Electrical Double Layer, pH, stimulated flocculation and consolidation of titania and 
zircon 

10 A submicron titania powder (CR826 from Kerr-McGee Chemical, Oklahoma City, 

USA) with an isoelectric point (iep) of about pH 7.8 was prepared as a 10 wt % 
suspension at pH about 7.5. Each of three test tubes of approx. 60 ml volume was filled 
with 50 g of the 10 wt % titania suspension. Tube 3.A was adjusted to pH 4.3 with HC1. 
Tubes 3.B and 3.C were kept at pH 7.5. 

1 5 A zircon powder was obtained from Opacfine, Australia, It had a density of about 

4.4 gm cm" 3 , about 6 microns average size and an isoelectric point (iep) of about pH 3.8. 
It was prepared as a 10 wt % suspension in water at pH about 4.0. Each of three test 
tubes of approx. 60 ml volume was filled with 50 g of the 10 wt % zircon suspension. 
Tube 3.D was adjusted to pH 9.2 with KOH. Tubes 3.E and 3.F were kept at pH 4.0. 

20 All six tubes were shaken vigorously for about 30 seconds and set in a rack and 

allowed to sediment while photos were taken occasionally! Tubes 3. A (titania, pH 4.3) 
and 3.D (zircon, pH 9.2), far away from their respective ieps, remained dispersed for 
over 24 hours, while tubes 3.B and 3.C (titania, pH 7.5) and tubes 3.E and 3.F (zircon, 

* 

pH 3.8), near their ieps, rapidly aggregated and settled. (See Figures 7-9,.) After nearly 
25 2 hours of settling the rate of sedimentation decreased dramatically. The pH of tube 3.C 
was decreased to pH 4.3 by the addition of HC1. The pH of tube 3.F was increased to 
pH 9.2 with KOH, The settling was allowed to continue. After 24 hours of settling the 
sediment volume of tube 3.C was less than tube 3.B and the sediment volume of tube 3.F 
was less than tube 3.E. (See Figure 9, and Table 2) 
30 TABLE 2. 



Tube number 


Sediment volume after 24 hours 


3.A 


Did not settle 
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3.B 


10.77 ml 


3.C 


8.62 ml 


3.0 


Did not settle 


3.E 


4.38 ml 


3.F 


3.80 ml 



In suspensions where there are more than one type of particles that have different 
iso-electric points, the pH can be adjusted to a value between the iso-electric points of 
the two types of particles to create aggregation by so-called heterocoagulation. 
Heterocoagulation is caused by an electrical double layer attraction between oppositely 



■ > 
5 changed particles. After the aggregated particles are removed from the bulk of the 

liquid, the pH can then be adjusted to a value where both types of particle have a large 

magnitude charge density of the same size to create a repulsion, as discussed above. 

The method that uses only electrical double layer repulsion and van der Waals 

attraction, however, is usually not the best practice in industrial applications since the 

10 solids of interest are typicaily mixtures of several different types of particles that have 

different iso-electric points. Furthermore the aggregates created are often small and 

slow settling. 

■ 

A second method, known as bridging flocculation is usually preferred since it 
produces aggregates that settle more rapidly than coagulation and charge neutralization 

15 and it produces larger aggregates. In this method a polymer that adsorbs onto the 
particles surface is added in a quantity that is less than sufficient to fully cover the 
surface. The polymer chains that extend from one particles surface can then adsorb on 
another particles surface and hold them together. The optimum amount of polymer to 
add is usually just enough to cover half of the total particle surface area. The best 

20 bridging flocculation is usually, found with polymers of moderate to very high molecular 
weight (Typically 100,000 to 20,000,000 MW). In many cases the same polymer can 

■ 

produce either bridging flocculation or steric repulsion depending on the concentration 
used. 

Unlike the prior art, however, the present invention provides a reversible type 
25 flocpulation which is absent from conventional bridging flocculations. The process of 

t 

the present invention can produce either attraction or repulsion in between particles at 
the desired time and be able to switch back and forth. With conventional bridging 
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flocculation, once the polymer has been added and flocculation occurs, it is not possible 

to reverse the attraction to repulsion. 

EXAMPLES 4 TO 10 - POLYELECTROLYTE ADDITION 

One of the preferred embodiments of the invention disclosed in this application relies on 
5 the use of a polyelectrolyte to aid in the development of larger rapid settling aggregates. 
The polyelectrolyte should be added in appropriate quantity so that it adsorbs to the 
particles and creates an electrosteric stabilization of the suspension. The appropriate 

■ * 

quantity depends upon the particle surface area, charge density, and polymer properties. 
ThQse skilled in the art would be able to determine the appropriate dose for any 

10 particular combination of particle and polymer system. See for instance Examples 4 and 
6 below. The polyelectrolyte chosen should have theability to act as both a dispersant 
. and a flocculant The preferred molecular weight range for a polymer to be able to act as 
both is about from 100,000 to 1,000,000, although it may be possible to use the method 
described in this application over a wider range of polymer molecular weights. 

15 EXAMPLES 4 AND 5 - ANIONIC POLYELECTROLYTE 

When an anionic polyelectrolyte is used the polymer is negatively charged at high pH, 
while at low pH it becomes neutral. An anionic polyelectrolyte would typically be used 
wh^n the particles have a high isoelectric point so that they would be positively charged 
over much of the pH range. Examples 4 and 5 demonstrate the use of the anionic 

20 polyelectrolyte poly acrylic acid for the sedimentation and consolidation of alumina. 

* 

EXAMPLE 4 

Flopculation and restabilisation of alumina with the negatively charged polyelectrolyte 
poly acrylic acid 

25 High purity alumina was purchased form Sumitomo Co. Japan (AKP-30 Alumina). 

The alumina had an average particle size of about 0.3 microns and an isoelectric point at 
pH 9. Ten weight percent suspensions were prepared in deionised water at pH 8.0. Two 
different molecular weights (250,000 and 750,000) of poly acrylic acid were obtained 
from Aldrich Chemicals. The 250,000 MW polymer was prepared as a 0.5 wt % 

30 solution in deionised water at pH 8,0 by dissolving overnight. The 750,000 was 
prepared as a 0.25 wt % solution at pH 8.0 by dissolving overnight. 

Each of sixteen test tubes of approx. 60 ml volume was filled with 40 g of the 10 
wt % alumina suspension at pH 8.0. The 750,000 MW Poly acrylic acid solution was 

» 



■ 
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added to the first 8 tubes in the following dosages as wt % of solid particles: tube 4. A, 
0.05%; tube 4.B, 0.1%; tube 4.C, 0.2%; tube 4.D, 0.25%; tube 4.E, 0.3%; tube 4.F, 

■ 

0.4%, tube 4.G, 0.5 %; and tube 4.H, 1.0%. The 250,000 MW poly acrylic acid solution 
was added to the next 8 tubes in doses as wt % per weight of solid as following: tube 4.1, 
5 0.05%; tube 4.J, 0.1%; tube 4.K, 0.2%; tube 4.L 0.3%; tube 4.M, 0.4%; tube 4.N, 0.5%; 
tube 4.0, 1 .0% and tube 4.P, 2.0%. The tubes were allowed to settle for 17 hours while 
taking photographs. The particles in the tubes that contained between 0.05 and 0.1 % 
poly acrylic acid (both molecular weights) flocculated rapidly, and the aggregates 
settled. Within an hour significant sedimentation had occurred although the rate of 
10 sedimentation was not very fast. (See FigureslO and 1 1) After 17 hours of 

« 

sedimentation the suspensions at the highest concentrations of added polyacrylic acid 
remained stable. It appeared that about 0.3 wt% of the 250,000 MW poly acrylic acid or 
more was sufficient to restabilise the alumina while about 0.4 wt % of the 750,000 MW 
polymer was needed to restabilise the alumina. 

15 At pH 8 the poly acrylic acid is highly negatively charged and the alumina is 

weakly positively charged. The polymer would be expected to adsorb strongly on the 
particles. The results indicate that the optimum flocculation of alumina with poly acrylic 
acid occurs at a concentration of about 0. 1 wt % polymer per weight of solid. Stable 
alumina suspensions can be produced by adding higher concentrations of poly acrylic 

20 acid; greater than about .0.3 wt % for 250,060 MW poly acrylic acid and greater than 
about 0.4 wt % 750,000 MW poly acrylic acid. These suspensions are stabilized by an 
electrosteric mechanism due to the high surface coverage of highly charged 
polyelectrolyte. 

The pH of the tubes was then adjusted to pH 3.0 with HC1. The suspensions with 
25 between about 0.2 to 0.5 wt % of polymer rapidly aggregated and settled out. (See 
Figures 12 and 13) The rate of sedimentation was greater for the larger molecular 
weight polymer indicating that larger aggregates were formed. This occurs since at pH 3 
the polymer is not charged. Thus van der Waals interactions can cause the particles to 
be attracted to each other. Stable suspensions were formed for both polymers for 
30 concentrations less and equal to 0. 1 wt %. The polymer only covers at most about half 
the surface of the particles at these low concentrations and is not charged. The high 
positive charge on the alumina at this low pH is sufficient to stabilize the suspensions 
due to electirical double layer repulsion. 

* 

* 

* 



< 
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EXAMPLE5 

pH induced flocculation and consolidation of alxunina with poly acrylic acid 

Based on the result of Example 4 a concentration of 0.4 wt % poly acrylic acid 
and alumina would be a good choice for demonstration of this invention. High purity 

* * 

5 almnina was purchased form Sumitomo Co. Japan (AKP-30 Alumina). The alumina had 
an average particle size of about 0.3 microns and an isoelectric point at pH 9. Ten 
weight percent suspensions were prepared in deionised water at pH 8.0. Two different 
molecular weights (250,000 and 750,000) of poly acrylic acid were obtained from 
Aldrich Chemicals. The 250,000 MW polymer was prepared as a 0.5 wt % solution in 

1 0 deionised water at pH 8 .0 by dissolving overnight. The 750,000 was prepared as a 0.25 
wt % solution at pH 8.0 by dissolving overnight. 

One hundred and fifty grams each of alumina suspensions were prepared with 10 
wt % solid alumina an4 0.4 % by weight of solid of each of the polymers (250,000 and 
750,000 MW). Three test tubes (5.A, 5.B and 5.C) of approx. 60 ml volume was filled 

15 with 50 g of the 10 wt % alumina suspension with 0.4 % 250,000 MW poly acrylic acid 
at pH 8.0. Tube 5.A was kept at pH 8.0. Tube 5.B and 5.C were adjusted to pH 3.5 with 
HC1. Another three test tubes (5D, 5.E and 5.F) of approx. 60 ml volume was filled 
with 50 g of the 10 wt % alumina suspension with 0.4 % 750,000 MW poly acrylic acid 
atpH8.0. Tube 5.D was kept at pH 8.0. Tube 5.E and 5.F were adjusted to pH 3.5 with 

20 HC1. The tubes were shaken gently for about 15 seconds and allowed to settle for 48 
hours while photographs were taken over the period of time. (See Figures 14,15 and 

16,) 

The suspensions atpH 3.5 rapidly aggregated and settle out leaving a clear 
supernatant. The aggregation was induced at pH 3.5 where the polymer is only slightly 

25 negatively charged. Under these conditions the polymer coated particles are neutral and 
van der Waals attraction draws them together into aggregates. The rate of sedimentation 
was slightly faster for the larger polymer. Within a matter of 30 minutes the sediments 
occupied less than about 50% of the tubes volume. (See Figure 14) The suspensions at 
pH 8.0 remained stable for up to 48 hours. (See Figure 16.) At pH 8 the polyacrylic 

30 acid is highly charged and creates an electrosteric repulsion between the alumina 

« 

particles. 

After 90 mins. consolidation in tube 5.F (750,000 MW) dramatically slowed and 
the pH was adjusted to pH 8.5 with KOH. After 2 hours consolidation in tube 5.C 

■ 

* 
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(250,000 MW) dramatically slowed and the pH was adjusted to pH 8.5 with KOH. 
Sedimentation was observed as it was allowed to continue. Adjusting the pH up to 8.5 
has. the result of causing the polymer to become highly negatively charged again and 

■ 

recreating a repulsion between the particles. The rate of sedimentation in tubes 5.C and 
5 5,F increased slightly compared to tubes 5.B and 5.D. After 48 hours the suspensions 
that had been at pH 8.0 the entire time remained stable with particles remaining 
suspended. The sediments that had been changed to 3.5 and then to 8.5 (tubes 5.C and 
5.F) occupied less volume than the corresponding sediments that had remained at pH 3.5 
(tubes 5.B and 5.E). (See Figure 16 and Table 3) 



10 TABLE 3 



tube 


Sediment volume (ml) 


5.A 

* 


N/A stable dispersion 


5B 


19.31 ml 


5.C 

• 


17.09 ml 


5.D 


N/A stable dispersion 


5.E 

* 


22.94 ml 


5.F 


20.72 ml 



EXAMPLES 6 TO 10 - CATIONIC POLYELECTROLYTE 

When a cationic polyelectrolyte is used the polymer is positively charged at low pH and 
becomes neutral as pH is increased. Cationic polyelectrolytes would usually be used 
15 when the particles have low isoelectric point and are negatively charged over much of 
the pH range. Examples 6, 7, and 8 show the use of chitosan (cationic polyelectrolyte) 
as a stimulant sensitive flocculant and consolidating aid for silica. 
EXAMPLE 6 

FloCculation and restabilisation of silica with the positively charged polyelectrolyte 
20 chitpsan 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
micfons was purchased from Sigma Aldrich. Six weight percent silica was dispersed in 
distilled water. The pH was adjusted to 5.0 with HC1. Low molecular weight (about 
150,000 g/mole) chitosan was purchased from Fluka. The chitosan was dissolved as a 1 
25 weight percent solution in an approximately 1 mole/liter acetic acid solution in distilled 
water at pH 4.0. The chitosan was allowed to dissolve for more than three days. 



J 
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t 

9 

Chitosan is positively charged at low pH, but looses its charge as pH is increased. When 
it looses its charge it becomes hydrophobic and is only sparingly soluble in water 
(Varum et al., 1994). 

Each of six test tubes of approx. 60 ml volume was filled with 21 g of the 6 wt % 
5 siliea suspension. Twenty and 87/100 grams of distilled water was added to test tube 
6. A. Thirteen one hundredths (0.13) grams of the 1 wt % chitosan solution was added to 
the tube. The resulting pH was approximately 4.5. The resulting suspension contained 3 
weight percent of silica and 0, 1 wt % chitosan as weight per weight of silica at pH 4.5. 
Twenty and 7/10 grams of distilled water was added to test tube 6.B. Thirty one one 

10 hundredths (0.31) grams of the 1 wt % chitosan solution was added to the tube. The 
resulting pH was approximately 4.5.. The resulting suspension contained 3 weight 
percent of silica and 0.25 wt % chitosan as weight per weight of silica at pH 4.5. 
Twenty and 3/10 grams of distilled water was added to test tube 6.C. Six hundred 
tweiity five one thousands (0.625) grams of the 1 wt % chitosan solution was added to 

15 the tube. The resulting pH was approximately 4.5. The resulting suspension contained 3 
weight percent of silica and 0.5 wt % chitosan as weight per weight of silica at pH 4.5. 
Nineteen and 75/100 grams of distilled water was added to test tube 6.D. One and one 
quarter grams of the 1 wt % chitosan solution was added to the tube. The resulting pH 
was approximately 4.5. The resulting suspension contained 3 weight percent of silica 

20 and 1 wt % chitosan as weight per weight of silica at pH 4.5. Nineteen and 13/100 

■ 

grams of distilled water was added to test tube 6;E. One and 88/100 grams of the 1 wt % 
chitosan solution was added to the tube. The resulting pH was approximately 4.5. The 
resulting suspension contained 3 weight percent of silica and 1 .5 wt % chitosan as 

* 

weight per weight of silica at pH 4.5. Eighteen and one half grams of distilled water was 
25 added to test tube 6.F. Two and one half grams of the 1 wt % chitosan solution was 
add$d to the tube. The resulting pH was approximately 4.5. The resulting suspension 

* 

contained 3 weight percent of silica and 2 wt % chitosan as weight per weight of silica at 
pH4.5. 

The five test tubes were shaken vigorously for approximately 30 seconds and 
30 placed in a rack to allow the particles to settle. Photographs were taken occasionally 
over the day. After several minutes sediment began to appear in tubes 6 A and 6.B 
which contained 0. 1 and 0.25 wt % chitosan respectively. The aggregates responsible 
for this increased sedimentation were too small to be observed by the naked eye (less 
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thajx about 100 microns). These aggregates settled to the bottom of the tube within about 
90 minutes. (See Figure 17.) The supernatant was not completely clear at any 
concentration investigated indicating that not all particles participated in the aggregation. 

• ■ 

Tubes 6.E and 6.F (containing 1.5 and 2.0 wt % chitosan respectively) did not appear to 
5 have aggregate formation and remained stable for up to at least 18 hours. (See Figure 
18.) Tubes 6.C and 6.D (containing 0.5 and 1.0 wt % chitosan respectively) had 
intermediate behaviour to the low and high concentration suspensions. This example 
illustrates that at low pH the positively charged chitosan will adsorb to negatively 
charged particles such as silica. When the concentration of chitosan is low (about 0.1 to 
10 0.5 wt %) bridging flocculation will occur and the aggregates will settle out. Note that 
the aggregates size was small, the rate of settling still relatively slow and the supernatant 
was not completely clear. When higher concentrations of chitosan are used (more than 1 

» 

wt %) the particles surface becomes completely covered in polymer and the suspension 
is restabilised by the steric repulsion between the particles. 

15 Typically, small and slow setting aggregates are created by methods that use 

natural Van der Waals attraction or electrical double layer attraction. Generally 
therefore, those skilled in the art prefer polymer flocculants for rapid solid-liquid 
separation. Polymeric flocculants usually produce larger and more rapid settling 
aggregates. 

20 EXAMPLE 7 

pH induced flocculation and consolidation of silica with 2 wt % chitosan 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Six weight percent silica was dispersed in 
distilled water. The pH was adjusted to 5.0 with HC1. Low molecular weight (about 

25 150,000 g/mole) chitosan was purchased from Fluka. The chitosan was dissolved as a 1 
weight percent solution in an approximately 1 mole/liter acetic acid solution in distilled 
water at pH 4.0. The chitosan was allowed to dissolve for more than' three days. 
Chitosan is positively charged at low pH, but looses its charge as pH is increased. When 
it looses its charge it becomes hydrophobic and is only sparingly soluble in water 

* 

30 (Vayum et al., 1994). 

Each of five test tubes of approx. 60 ml volume was filled with 2 1 g of the 6 wt % 
silica suspension. Twenty one grams of distilled water was added to test tube number 
7.A. The pH was adjusted to 4.5 with HC1. The resulting suspension contained 3 weight 
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percfcnt of silica in water at pH 4.5. Twenty one grams of distilled water was added to 
test tube number 7.B. The pH was adjusted to 8-0 with KOH. The resulting suspension 
contained 3 weight percent of silica in water at pH 8. Eighteen and a half grams of 
distilled water was added to test tube number 7.C. Two and a half grams of the 1 wt % 
5 chitosan solution was added to the tube. The resulting pH was 4.5. The resulting 
suspension contained 3 weight percent of silica and 2 wt % chitosan as weight per 
weight of silica at pH 4.5. Eighteen and a half grams of distilled water was added to test 

■ 

tube number 7.D. Two and a half grams of the 1 wt % chitosan solution was added to 
the tube. The resulting pH was 4.5 . The pH was adjusted to 8 with KOH. The 

10 resulting suspension contained 3 weight percent of silica and 2 wt % chitosan as weight 
per weight of silica at pH 8. Eighteen and a half grams of distilled water was added to 
test tube number 7.E. Two and a half grams of the 1 wt % chitosan solution was added 
to the tube. The resulting pH was 4.5. The pH was adjusted to 8 with KOH. The 
. res<ilting suspension contained 3 weight percent of silica and 2 wt % chitosan as weight 

15 per weight of silica at pH 8. 

The five test tubes were shaken vigorously for approximately 30 seconds and 
placed in a rack to allow the particles to settle. Photographs were taken at frequent time 
intervals over the next several days. As demonstrated in Example 1 above, 2 wt % 
chitosan per weight of silica is sufficient to completely cover the particles resulting in 

20 electro-steric repulsion at low pH. 

' A quite dramatic difference was noted between tubes (7. A, 7.B and 7.C) and (7.D 
and 7.E) over the first 0 to 10 minutes. The particles in tubes 7.A, 7.B and 7.C did not 
appear to settle. These particles remained dispersed due to the repulsive forces between 
the particles. The particles in tubes 7. A and 7.B are stabilized by Electrical Double 

25 Layer repulsion and those in tube 7.C are stabilized by electro-steric stabilisation due to 
the positively charged chitosan adsorbed on the silica. The suspensions in tubes 7.D and 
7.E on the other hand rapidly flocculated producing aggregates, which were visible to 

« 

the paked eye and appeared to be between about 100 and 500 microns in size. These 
aggregates rapidly settled as indicated by Figures 19 and 20. Extremely clear 
30 supernatants resulted. The aggregation was initiated by the change in pH to pH 8. This 
change in pH neutralized the positive charge on the chitosan. Chitosan is positively 
chafged at low pH but neutral (uncharged) at pH values above about 7.0. (V arum et al., 
1994) The neutral chitosan is not very soluble in water (Varum et al., 1994) and 



* 
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attraction results between the chitosan molecules on neighbouring silica particles 
creating an attraction between the particles; 

The sediments in tubes 7.D and 7.E continued to slowly consolidate. Within a 
matter of 10 minutes the sediment occupied less than 25 % of the tube volume for tubes 

5 7.D and 7.E while the suspensions in tubes 7.A, 7.B and 7.C appeared to have virtually 
no sediment formation, and the suspension occupied nearly 100 % of the tube volume. 
After about 15 to 30 minutes the rate of consolidation in tubes 7.D and 7JB slowed 
dramatically reaching a plateau level. (See Figure 21). After 45 minutes of 
sedimentation the pH of tube 7.E was adjusted to pH 4.5 by the addition of HCL One 

10 drop at a time of one mole per litre HC1 was added and the pH monitored. One minute 
was waited between drops. It took about 10 minutes to reach pH 4.5. The change in pH 
back to pH 4.5 created a positive charge on the chitosan. The attraction between the 
silica particles at pH 8 has been changed to an electrosteric repulsion at pH 4.5. 
Sedimentation was allowed to continue. A slight haze appeared above the sediment bed 

15 due to the inevitable minor agitation that occurred as the acid was added The 

aggregates in the top portion of the sediment of tube 7.E appeared to become reduced in 
size. The region of defloccUlation appeared to slowly travel down to the bottom of the 
sediment bed over the period of about an hour. The sediment of tube 7.E began to 
consolidate at a faster rate than that of tube 7.D. (See Figures 22 and 23.) 

20 A noticeable sediment bed only began to appear in tubes 7. A, 7.B and 7.C after a 

period of about 45 minutes to an hour. There was no clear supernatant and the high 
turbidity of the liquid above the sediment suggests that most particles were still 
dispersed in the upper part of tubes 7.A, 7.B and 7.C. (See Figures 21.) A small amount 
of clear supernatant was observed in tubes 7. A, 7.B and 7.C only after about 2 to 3 

25 hours. See Figure 23. 

The sediment in tube 7.E was clearly more consolidated than that in tube 7.D after 
about 3 hours of sedimentation although there is a slight haze in tube 7.E just above the 
' sediment 

• 3 

After 24 hours of sedimentation the sediment in tube 7.E occupies 5.64 cm of 
30 volyme, while the sediment in tube 7.D occupied 10.26 cm 3 of volume. See figures 24 
and 25. Although some sediment is building up in tubes 7.A, 7.B and 7.C there is still a 
very turbid suspension above the sediments in those tubes. See Figure 24. 



-27- 

This example illustrates that both rapid sedimentation and high sediment density 
result when the inter-particle forces are made attractive to initiate sedimentation and then 

♦ 

changed back to repulsive to allow the sediment to consolidate. The use of chitosan 

« 

demonstrated that this concept has been reduced to practice for an adsorbing polymer 
5 that has charge and solubility that depends upon pH. In mis way a simple change of pH 
can be uses as a stimulus to change the inter-particle forces. 
EXAMPLE 8 

pH induced flocculation and consolidation of silica with lwt% chitosan 

Six wt % silica suspension and 1 wt % chitosan solution were prepared as in 

w 

10 Examples 6 and 7. Each of four test tubes was filled with 32 g silica suspension. 
Twenty two grams of distilled water were added to tube number 8. A. One and nine 
tenths grams of the lwt % chitosan solution was added. The resulting pH was 4.5. The 
resulting suspension contained 3.5 wt % silica and 1 wt% chitosan as weight per weight 
of silica at pH 4.5. Twenty two grams of distilled water were added to tube number 8.B. 

15 One and nine tenths grams of the lwt % chitosan solution was added. The pH was 

adjusted to 8.5. The resulting suspension contained 3.5 wt % silica and 1 wt % chitosan 
as weight per weight of silica at pH 8.5. Twenty two grams of distilled water were 
added to tube number 8.C. One and nine tenths grams of the lwt % chitosan solution 
wa$ added! The pH was adjusted to 8.5. The resulting suspension contained 3.5 wt% 

20 silica and 1 wt % chitosan as weight per weight of silica at pH 8.5. Twenty two grams 
distilled water was added to tube number 8.D and the pH was adjusted to 4.5. 

♦ 

, The four test tubes were shaken vigorously for approximately 30 seconds and 
placed in a rack to allow the particles to settle. The sedimentation was observed 
visually. The results of Example 6 indicate that a concentration of 1 wt % chitosan is 

25 barely enough to completely cover the surface of the particles. 

The particles in tubes 8.B and 8.C flocculated very rapidly to form aggregates that 
were visually estimated to be between 0.5 and 2 mm in size. They settled rapidly to the 
bottom of the tube. Within approximately 1 minute the sediment formed occupied about 
25 percent of the volume of the tube. Over this time period no change was noted in tube 

30 nurpber 8.D. Tube 8.D behaved the same as tube number 7.A in Example 7 for the 
remaining time of the experiment. Tube number 8. A appeared to have some particles 
that formed aggregates. These aggregates were deemed to be approximately 100 to 200 
microns in size since they were just barely visible to the naked eye. These aggregates 
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were likely caused by bridging flocculation of the silica with the chitosan. The 
concentration used (1 wt %) is not quite enough to completely coat the surface of all the 
particles, thus some bridging of particles resulted while some particles remained as 
individuals. The aggregates in tube 8. A settled and formed a sediment bed over the 
period of about 20 to 30 minutes. The supernatant remained turbid for up to about 24 or 
more hours. 

Between about 5 and 10 minutes after the start of the experiment, the sediments of 
tubes 8.B and 8.C appeared to reach a plateau level. After 10 minutes the pH of tube 8.C 
was adjusted to pH 4.5 by the addition of HC1. One drop at a time of one mole per litre 
HC1 was added and the pH monitored. One minute was waited between drops. It took 
abojut 10 minutes to reach pH 4.5. The change in pH back to pH 4.5 created a positive 
charge on the chitosan. The attraction between the silica particles at pH 8 has been 
changed to an electro-steric repulsion at pH 4.5. Sedimentation was allowed to continue. 
The rate of consolidation in tube 8.C increased and the volume of the sediment 
decreased. 

Approximately 36 hours after the start of the experiment the photograph shown in 

* a 

Figure 26 was taken. The sediment in tube 8.D occupies the least volume, but the 

■ 

supernatant is not clear. The particles in this tube are well dispersed by EDL repulsion 
and behave as expected. They have slow settling rates, but form high density sediment 
beds. The sediment in tube 8 A is also quite dense as it occupies a fairly small volume. 
The supernatant of this tube is not clear indicating that some particles remain suspended. 

* 

This tube had some particles that formed small aggregates which did settle, and some 
particles which were completely coated by the chitosan and became electro-sterically 
stabilized. The sediment in tube 8 JB occupies the largest volume, but this sediment 

■ 

formed very rapidly (within about 10 minutes). When the pH of the tube was adjusted to 

■ 

pH 8 the chitosan lost its charge and became hydrophobic. The particles became 
attractive to each other and aggregation and rapid sedimentation occurred. The sediment 
bed in tube 8.C occupies about the same volume of the sediment in tube 8.A but the 
supernatant is clear. The sediment in tube 8.C occupies about half the volume of tube 
8.B. The particles in tube 8.C formed aggregates and rapidly settled during the first 10 
minutes of the experiment when the tube contents were at pH 8. After 1 0 minutes when 

■ 

the pH was changed back to pH 4.5 the sediment consolidated since the chitosan became 



* 
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recharged and the forces between the particles became repulsive. This example 
illustrates that a wide range of polymer concentrations can be used in this invention. 

When a cationic polyelectrolyte is used the polymer is positively charged at low 
pH and becomes neutral as pH is increased. Cationic polyelectrolytes would usually be 
5 used when the particles have low isoelectric point and are negatively charged over much 
of the pH range. Examples 6, 7, and 8 show the use of chitosan (cationic 
polyelectrolyte) as a stimulant sensitive flocculant and consolidating aid for silica. 

■ 

It is also possible to use a polyelectrolyte that has the same sign charge as the 
particles. Example 9 shown below demonstrates the use of positively charged chitosan 
10 with zircon at pH 5.0 where the zircon is near its isoelectric point (pH 3.8) and only has 

♦ 

a sipall negative charge on its surface. 
EXAMPLE 9 

pH induced flocculation and consolidation of zircon with chitosan 

A zircon powder was obtained from Opacfine, Australia. It had a density of about 

15 4.4 gm cm" 3 , about 6 microns average size and an isoelectric point (iep) of about pH 3.8. 
It was prepared as a 5 wt % suspension in water at pH about 5.0. 

Six test tubes of approx. 60 ml volume were filled with 45 g of the 5 wt % zircon 
suspension. Sufficient quantity of a chitosan solution was added to tubes 9.A, 9JB and 
9.C to produce a 0.5 wt. % chitoan concentration per weight of zircon. Sufficient 

20 quantity of a chitosan solution was added to tubes 9.D, 9.E and 9.F to produce a 2.0 wt. 
% chitoan concentration per weight of zircon. Tubes 9.A and 9.D were kept at pH 5.0. 
Tubes 9.B, 9.C, 9.E and 9 JF were adjusted to pH 7.7 with KOH. The tubes were shaken 
vigorously for about 30 seconds and allowed to sediment under gravity. 

The suspensions of zircon with chitosan at pH 5.0 (tubes 9. A and 9.D) remained 

25 stable for up to 23 hours without any significant amount of sedimentation or 
clarification. (See Figures 27 through 31,) These suspensions were presumably 
stabilized by an electrosteric mechanism since the positively charged chitosan would 
adsorb to the slightly negatively charged zircon. On the other hand the suspensions at 
pH 7.7 (tubes 9.B, 9.C, 9.E and 9.F) rapidly aggregated and settled rapidly producing 

30 high clarity supernatants. See Figures 27 and 28. The aggregation was a result of the 
change to pH 7.7 which caused the chitosan to become uncharged, hydrophobic, 
strongly adsorb to the particles surfaces and create an attraction between the particles. 
The suspensions at 0.5 wt % concentration chitosan (tubes 9.B and 9.C) produced 
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slightly faster sedimentation and more dense sediment beds but less clear supernatant 
than the suspensions containing 2.0 wt % chitosan (tubes 9.E and 9.F). After 45 minutes 
of settling thepH of tube 9.C was adjusted to 5.0 with HC1. After 90 minutes the pH of 
tube 9.F was adjusted to 5.0 with HCL The change in pH back to pH 5.0 for these tubes 
5 resulted in the re-development of a charge on the chitosan and re-creation of an 

electrosteric repulsion between the particles. Settling was allowed to continue. After 23 
hours total settling time the sediments in the tubes adjusted to pH 5.0 (tubes 9.C and 9.F) 
had consolidated to a greater extent than the sediments in the corresponding tubes that 
had remained at pH 7.7.(tubes 9.B and 9.E). See figures 29 through 3 1 and Table 4 for 



10 the sediment volumes. 
TABLE 4 



tube 


Sediment volume (ml) after 23 hrs. 


9.A 


N/A stable dispersion 


9.B 


6.55 ml 


9.C 


5.28 ml 

* 


9.D 


N/A stable dispersion 


9.E 


9.90 ml 


9.f: 


6.40 ml 



Example 6 demonstrates this embodiment of the invention using chitosan and 
alumina. Both the chitosan and alumina are positively charged at pH 5 where the stable 
15 suspensions are produced. At pH above about 7 or 8 the chitosan is neutralized and 
caused aggregation. 



EXAMPLE 10 

pH induced flocculation and consolidation of alumina with chitosan 
20 A commercial high purity alpha alumina powder (AKP-30, Sumitomo Corp. 

Japan) with a average particle size of about 0.3 microns and a density of 3.97 g cm" 3 was 
dispersed in de-ionised water as a 5 wt % suspension at pH 5.0. The isoelectric point of 
the alumina is at about pH 9.0. Each of six test tubes of approx. 60 ml volume was filled 
with 45 g of the 5 wt % alumina suspension. Sufficient quantity of a chitosan solution 
25 was added to tribes 10. A, 10.B and 10.C to produce a 1.0 wt. % chitoan concentration 
per weight of alumina. Sufficient quantity of a chitosan solution was added to tubes 
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10.D, 10.E and 10.F to produce a 2.0 wt. % chitoan concentration per weight of alumina. 
Tubes 10.A and 10.D were kept at pH 5.0. Tubes 10B, 10.C, 10.E and 10.F were 
adjusted to pH 10.6 with KOH. The tubes were shaken vigorously for about 30 seconds 
and allowed to sediment under gravity. 

5 The suspensions of alumina with chitosan at pH 5.0 (tubes 10.A and 10.D) 

regained stable for up to 23 hours without any significant amount of sedimentation or 
clarification, (See Figures 32 and 33,.) These suspensions were presumably stabilized 
either by the high positive charge on the alumina surface or by an electrosteric 
mechanism if the positively charged chitosan adsorbed to the positively charged alumina 

10 by a non electrostatic driving force. On the other hand the suspensions at pH 10.0 (tubes 
10.B, 10.C, 10.E and 10.F) rapidly aggregated and settled rapidly producing high clarity 
supernatants. See Figure 32. Tfie aggregation was a result of the change to pH 10.0 
which caused the chitosan to become uncharged, hydrophobic, strongly adsorb to the 
particles' surfaces and create an attraction between the particles. The suspensions at 1.0 

15 wt % concentration chitosan (tubes 10.B and 10.C) produced somewhat faster 

sedimentation and more dense sediment beds than the suspensions containing 2.0 wt % 

* ♦ 

* chitosan (tubes 10.E and 10.F). After 90 minutes of settling the pH of tube 10.C was 
adjusted to 5.0 with HC1. After 120 minutes the pH of tube 10.F was adjusted to 5.0 

i 

with HC1. The change in pH back to pH 5.0 for these tubes resulted in the re- 
20 development of a charge on the chitosan and re-creation of repulsion between the 
particles. Settling was allowed to continue. After 23 hours total settling time the 
sediments in the tubes adjusted to pH 5.0 (tubes 10.C and 10.F) had consolidated to a 
gresater extent than the sediments in the corresponding tubes that had remained at pH 
10.0 (tubes 10.B and 0.E). See Figure 33 and Table 5 for the sediment volumes. 



25 TABLE 5 



tube 


Sediment volume (ml) after 23 hrs. 


10.A 


N/A stable dispersion 


10.B 

1 


10.77 ml 


10.C 


8.72 ml 


10.P 

■ 


N/A stable dispersion 


10.E 


13.70 ml 

• 


10.F 

• 


10.03 ml 
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It is also possible to use a polyelectrolyte that has the same sign charge as the 
particles. Example 10 demonstrates this embodiment of the invention using chitosan 
and alumina. Both the chitosan and alumina are positively charged at pH 5 where the 

» 

stable suspensions are produced. At pH above about 7 or 8 the chitosan is neutralized 
5 and caused aggregation. Example 9 shown above demonstrates the use of positively 
charged chitosan with zircon at pH 5.0 where the zircon is near its iso-electric point (pH 
3.8) and only has a small negative charge on its surface. 
TEMPERATURE AS STIMULUS 

In another embodiment of the present invention, temperature may be used as the 
10 applied stimulus, The Applicant has found that such temperature sensitive suspensions 
car* be controlled in a manner similar to the Examples above. 

In the following embodiment, a temperature sensitive polymer is applied to the 
suspension, however, it is not absolutely essential that the temperature sensitive polymer 
absorb to the surface of the particle. A stable suspension should be made with an 
1 5 appropriate quantity of temperature sensitive polymer at a temperature where the 

polymer is soluble. The pH of the suspension may need to be adjusted to an appropriate 
value to develop an electrical double layer repulsion. Alternatively, another adsorbing 
polymer or surfactant may be used to create a stoic repulsion. 

The temperature is then changed to another temperature at which the polymer 
20 becomes insoluble, eg typically higher. They polymer would then become hydrophobic 
providing a driving force for the polymer to simultaneously adsorb on the particle and 
aggregate with other polymer molecules. Aggregation will rapidly result and the 
aggregates will relatively easily be removed from the liquid by methods known to those 
skilled in the art and as discussed above. 

* 

25 To create repulsion, the temperature may then be altered to another temperature 

where the polymer is again soluble, eg typically lower.. Under such conditions, the 
particles are rendered repulsive and additional water can be recovered from the 
dewatered product via typical consolidation procedures discussed above. 
EXAMPLE 11 

30 Temperature induced flocculation and consolidation of silica with 1 32,000 MW poly 
(NIPAM) at pH 5.5 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Ten weight percent silica was dispersed in 

■ 

i 
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i 

, distilled water. The pH was adjusted to 5.5 with HC1. Poly(n-isopropyl acrylamide) • 
(NIP AM) with a molecular weight about 132,000 g/mole was purchased from Polymer 
Source lac. The poly (NIPAM) was dissolved as a 1 weight percent solution distilled 
water at pH 5.5.. The pH was adjusted with HCL The poly (NIPAM) was allowed to 
5 dissolve for several hours in a refrigerator (about 4° C), then at room temperature (22 0 
C) overnight. At temperatures below about 32 P C poly (NIPAM) forms hydrogen bonds 
with water molecules. This well hydrated form of poly (NIPAM) is water soluble. At 
temperatures above about 32 0 C, there is sufficient thermal energy to break the hydrogen 
bonds holding the water to the poly(NIPAM) and dehydrate the polymer. The 

10 dehydrated form of poly (NIPAM) is not soluble in water and precipitates out 

Each of eight test tubes of appiox. 60 ml volume was filled with 40 g of the 10 wt 
% silica suspension. Twelve grams of water was added to each of tubes 1 1 A and 1 LB. 
These tubes contained 7.7 wt % silica in water at pH 5.5. Ten grams of the 1 wt % 
poly(NIPAM) solution and two grams of water was added to each of tubes 1 1 .C, 1 1 .D, 

15 and 11.E. These tubes contained 7.7 wt % silica in a solution of 2.5 wt % poly (NIPAM) 
per wt of silica in water at pH 5.5 Eight grams of the 1 wt % poly(NIPAM) solution 
and four grams of water was added to each of tubes 1 1 .F, 1 1 .G, and 1 1 .H. These tubes 
contained 7.7 wt % silica in a solution of 2.0 wt % poly (NIPAM) per wt of silica in 
water at pH 5.5 

* 

20 It is assumed although not known for certain that the poly (NIPAM) is not 

adsorbed to the particles surface at room temperature. This is not very important since at 
room temperature the suspensions would be stable due to steric repulsion if the poly 
(NIPAM) is adsorbed and the suspension would be stabilized by EDL repulsion if the 
poly (NIPAM) is not adsorbed. There is no driving force present for adsorption so that 

t 

25 the assumption of no adsorption is likely a good one. 

The eight test tubes were shaken vigorously for approximately 30 seconds. Tubes 
1 1 .A, 1 1 .C, and 1 l.F were placed in a rack to allow the particles to settle at room 
temperature (22° C). Tubes 1 1 JB, 1 1 D, 1 1 .E, 1 1 .G and 1 1 ,H were placed in a rack in a 
40° C water bath. It was previously determined that the suspension in the test tube 

30 reached 32 0 C in about 1 minute and 40 0 C in about 2 minutes. Periodically the tubes in 

■ 

the water bath were removed from the bath and hung on the rack with the samples that 
were settling at room temperature. Each time the tubes were removed from the water 
bath a photo was taken to compare the settling of the eight tubes. Tubes 1 1 .B, 1 1 £>, 
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V 

1 1 1 .G and 1 1 .H were quickly returned to the 40° C water bath. Photographs were 
taken periodically over the next 24 hours. 

None of the supematants ever became clear. Some particles always remained 
suspended indicating that the poly (NIP AM) used was not the optimum flocculant for 

5 the silica used. Nonetheless, as will be described next a significant fraction of the solids 
coijld be removed from the suspension under the proper conditions. It is expected that a 
poly (NIPAM) co-polymerised so as to have some fraction of charged sites would be a 
preferred polymer for this invention. 

After 2 minutes of settling tubes 1 l.A, 1 LB, 1 LC, and 1 LF showed no sign of 

10 sediment formation. On the other hand tubes 1 LD, 1 1 .E, 1 l.G and 1 1 H appeared to 
have a sediment bed that occupied about 10 % of the tubes volume. (See Figure 34). 
Unfortunately the supernatant was not very clear making it difficult to get a good 
photograph of the sediment bed. hi order to reproducp the actual visual appearance of 
the sediment beds in this example the photographs have had adjustments to their 

15 brightness and contract to enhance the demarcation between the sediment bed and the 
turbid supernatant above. 

The rapid sedimentation that occurred in tubes 1 LD, 1 LE, 1 LG and 1 l.H, when 
their temperature exceeded about 32 0 C is because the poly (NIPAM) becomes 
hydrophobic, adsorbs onto the particles surface and creates a bridging or hydrophobic 

20 attraction between the particles. The particles quickly aggregate and begin to settle 
rapidly. After about 10 minutes the sediment level does not change much. Figure 35, 
shows the sediment after 20 minutes (height same as after 10 minutes). The black lines 
were drawn with a felt tipped pen to indicate the level of the sediment in tubes 1LD, 
1 LE, 1 1 .G and 1 1 .H. No sediment was noticed in the other tubes. 

25 After 20 minutes of sedimentation tubes 1 LE and 1 1.H were allowed to cool to 

room temperature (22° C) for the rest of the experiment. Tubes 1 1 .B, 1 LD and 1 l.G 
were kept at 40° C for the remainder of the experiment. When tubes 1 LE and 1 1 H were 
cooled to room temperature the poly (NIPAM) became rehydrated and was able to 
dissolve in the solution. The attraction that was present between particles at 40° C 

30 returned to repulsion as the poly (NIPAM) redissolved once the temperature was 
lowered. Once the repulsive force between particles was restored the sediment bed 
began to slowly consolidate. After 18 hours of sedimentation all 8 tubes had a visible 
sediment layer. The sediment heights were marked with a second black line on the 
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tubes. The sediment heights were the same after 24 hours as they were after 18 hours. 
Figures 36, 37, 38 and 39 show the tubes after 24 hours of sedimentation. None of the 
supematants were completely clear. The suspensions without any polymer at both 22° C 
and 40° C (tubes 1 LA. and 11.B respectively) had small volume of sediments, typical of * 
5 sediments from well dispersed suspensions, but it took many hours for the sediments to 
form. Similarly tubes 1 1 .C and 1 1 J had small sediment volumes that took many hours 
to form, indicating that these suspensions (containing 2.5 wt% and 2.0 wt% poly 
(NIP AM) respectively) that were kept at 22° C for the entire experiment were well 
dispersed suspensions. 

10 The tubes that were kept at 40° C for the entire experiment (1 1 .D and 1 1 .G) had 

the largest sediment volumes. The sediments in these tubes settled rapidly (in less than 
1 0 mins.) then continued to consolidate for some time after 20 minutes reaching an 
equilibrium in less than 18 hours. 

The final two suspensions (11.E and 11. H) had sediments that occupied about the 

15 same volume as the well dispersed sediments (tubes 1 1 .A, 1 1 .B, 1 1 .C, and 1 1 .F). These 
two suspensions (1 1 .E and 1 1 .H) were initially kept at 40° C for the first 20 minutes 
during which time the sediment rapidly formed. After20 minutes the temperature of 
these two suspensions (1 1 .E and 1 1 .H) was kept at 22 0 C during which time the 
sediments consolidated to a greater extent then for the same suspensions kept at 40° C 

20 for the entire experiment (tubes 1 1 D and 1 1 ,G). 

The final sediment volumes after 24 hours for each of the 8 tubes is given in Table 

♦ 

6. 

TABLE 6 



Tube 


Sediment 
volume 


11.A 


3.01 cm 3 


11.B 


2.85 cm 3 


ll.C 


2.40 cm 3 


11.D 


3.94 cm 3 


11.E 


2.47 cm 3 


11 J 


2.60 cm 3 


ll.G 


4.04 cm 3 
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Tubes 1 1 .A and 1 1 .B contained no polymer and were held at 22 C and 40 C 
respectively for 24 hours as control samples. No difference in settling was observed 
between the two tubes so that any effect of temperature difference on the settling could 
be ruled out. 
5 LIQHT AS STIMULUS 

In another embodiment light, darkness or change of light wavelength, may be used 
as a stimulus. A photosensitive molecule or polymer may be added to a suspension of 
colloidal particles in such a quantity to produce a stable suspension. The wavelength of 
light (or absence of light) should be such that the photosensitive molecule or polymer is 
10 in its hydrophilic configuration. The stable suspension may be produced either by using 
small non-adsorbing molecules that don't cause aggregation or an adsorbing polymer 
that causes steric stabilization. Light can be either removed, added, or the wavelength 

■ 

changed such that the photosensitive molecule or polymer changes configuration such 
that it becomes hydrophobic and poorly soluble in water. When the molecule or 
15 polymer is hydrophobic and poorly soluble in water it will adsorb on the particles' 
* surfaces causing the particles to associate due to van der Waals and/or hydrophobic 
attraction. Large aggregates will form and rapid settling will result After a sufficient 

■ 

period of time, the clear supernatant can be removed from the top of the sediment. The 
lighting condition can then be reverted to that required to produce the hydrophyllic 
20 configuration of the photosensitive additive and the particles will revert to being 
dispersed by repulsive forces. The sediment will then consolidate to a higher density 

■ 

than if the attraction remained. With this method, additional water (or other liquid) can 
be expressed from the dewatered product. 

■ 

25 INDUSTRIAL APPLICABILITY 

The present invention is useful in a wide variety of industries. The ability of the 
present invention to control the state of a suspension and revert the suspension into a 
dual phase mixture of solids rich phase and liquids rich phase provides significant 
advantages over the prior art and significant benefits for downstream separation 

30 processes. * 

Not only does it provide rapid settling of the solid particles in the suspension, 
additional liquid recovery via the further consolidation step of the sediment bed, it also 



■ ■ 
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allows for control of the liquid content/viscosity of the sediment which, as discussed 
above, has significant advantages in terms of pumping and the like; 

The reduced moisture content of the dewatered product means that the total 
volume of the dewatered product occupies less volume compared to dewatered product 

* 

5 produced with the prior art. This is a particular advantage when the dewatered product 
is a mineral tailings or sewage sludge that must fit into a finite amount of space. 

The technique of applying a suitable stimulus can be accomplished using 
conventional equipment and control of such a stimulus, eg pH or temperature is also 
weU known in the art. 

10 In some cases the temperature change may already be present in the process such 

as in the refining of Bauxite to alumina, where the product is initially at temperature 
about 80°C and eventually cooled to room temperature. Likewise the application of light 

■ 

may occur for instance in a conventional thickener naturally due to the sun (in daytime, 
of course at night artificial light would have to be used). The suspension and 

■ 

15 photosensitive flocculant are added to the top of the thickener where the solids 

concentration approaches zero. Thus light can easily penetrate the top section of the 
thickener and stimulate flocculation The resulting aggregates will rapidly settle to form 
a sediment bed. The density of the sediment bed will be high enough to made the 
sediment bed opaque. Since light cannot penetrate into the sediment, then the state of 

20 the suspension will revert to dispersed and the sediment will consolidate to greater solids 

* 

concentration compared to the currently utilized flocculants. 

It will be appreciated that the present invention may be embodied in forms other 
than that described herein without departing from the spirit or scope of the present 
invention. 

25 DATED this 25 th day of March 2004 
BALDWIN SHELSTON WATERS 
Attorneys for: 

THE UNIVERSITY OF NEWCASTLE RESEARCH ASSOCIATES LIMITED 
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PROVISIONAL SPECIFICATION 



FOR THE INVENTION ENTITLED:- 

"STIMULANT SENSITIVE FLOCCULATION AND CONSOLIDATION 



The invention is described in the following statement:- 
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TECHNICAL FIELD 

The present invention relates to the separation of materials particularly 

i 

heterogeneous fluids. It is particularly suitable for assisting in the separation of solid 
particles from liquids. 
BACKGROUND ART 

Any discussion of the prior art throughout the specification should in no way be 
considered as an admission that such prior art is widely known or forms part of common 
general knowledge in the field. 

Environmental changes and population growth are putting increasing pressure on 
water supplies as we enter the 21 st century. Processes such as wastewater purification, 
sewage treatment and minerals processing rely upon the efficient removal of suspended 
solids in the form of fine colloidal particles with sizes in the sub-micron range. 
Brownian motion and small particle mass produce very slow sedimentation rates of these 
small particles when dispersed in a liquid (such as water), which make removal of those 
particles from the liquid a difficult operation. It is common practice that the particles are 
usually caused to aggregate to facilitate more rapid settling and easy removal of the 
solids by gravity. In an aqueous system, this can be achieved in a number of ways 
including the addition of excess electrolyte (coagulation), the addition of a high 
molecular weight polymer (bridging flocculation) and change of pH. Bridging 
flocculation is important in wastewater treatment and mineral tailings disposal. 

In addition to rapid sedimentation, the properties of the resulting dewatered 
product (sediment or filter cake in the case of filtration) are important for the down 
stream processing. The consolidation behaviour and rheological (flow) of the sediment 
bed (including compressive yield stress Py and shear yield stress xy) are important in 

* 

both the dewatering operation and the down stream processes. For instance, the final 
liquid content (moisture in the case of water) of the sediment should usually be 
minimised. Low moisture contents in sediments means that there is better solid/fluid 
separation efficiency, which is usually the desired goal. Quickly reaching that high 
separation efficiency is also desirable form an economic point of view. The compressive 
yield stress and the hindered settling factor are parameters that can be used to 
characterise the moisture content of the dewatered product and the rate of dewatering 
respectively. The viscosity and shear yield stress of the dewatered suspension are 
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important factors in the pumping of the dewatered suspensions during processing and 
disposal. 

For example the treatment of waste-water at a solids volume fraction of around 1% 
from a mineral processing plant are initially flocculated at the inlet to a thickener. The 

5 solids are then concentrated by gravitational sedimentation to the bottom of the 
thickener. The underflow from the thickener will have a solids volume fraction of 
+20%. This slurry is then passed through a high shear pump before further processing to 
remove all remaining moisture for example in a tailings pond. The clear water from the 
top portion of the tailings pond is typically recycled back to the processing plant for 

10 reuse. However, increased environmental pressures encourage the use of an in-line 
filtration step resulting in a 6 dry cake' that is more easily transported and used as back 
fill. Ultimately more efficient solid/liquid separation results in both a lower volume of 
solids containing suspension to be disposed of and a greater fraction of recycled water. 
Previous analysis of processes similar to the above can separate the process into a 

15 number of steps. These include settling, sediment consolidation, sediment pumping and 
filtration of the sediments. The precise demarcation between these steps is sometimes 
not clear and they are influenced to a large extent by the state of the initial suspension. 
The process of efficiently and rapidly separating the solid particles from a fluid and 
recovering the associated fluid phase is quite complex. It is possible to separately 

20 optimise the settling, sediment consolidation, sediment pumping and filtration steps by, 
for example, different chemical additives or adjustment of process variables such as 
pressure and shear rate. However, obtaining optimum properties for each step can 
typically be mutually exclusive when the solution conditions are maintained constant. 
To explain, settling depends to a large extent on aggregate size and its density. 

25 Consolidation of the sediment bed occurs in response to an applied load. The efficiency 
of such consolidation depends upon the compressive yield strength of the bed. In 1 
sediment pumping, the flow of the sediment in response to a shear stress depends upon 
the shear yield stress and viscosity of the sediment particle network. Filtration of the 
sediment will depend upon the applied pressure, the network compressive yield strength 

30 and permeability/poor distribution in the bed. 

As can be seen from the above, there are a number of competing interests when 
separating solids from solid/liquid suspensions. 
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It is an object of the present invention to overcome or ameliorate at least one of the 
disadvantages of the prior art, or to provide a useful alternative. 
DISCLOSURE OF THE INVENTION 

The present invention provides a method of controlling the state of a suspension of 
5 solid particles in a liquid, comprising, applying to the suspension a stimulus adapted to 
control inter-particle attraction of the solid particles in the liquid, said stimulus being 
reversibly activatable to control attraction and/or repulsion of said particles in said liquid 

* 

wherein said stimulus is applied for a sufficient time to provide the desired attraction or 
repulsion of particles. 

10 In a preferred embodiment, the stimulus is a change in pH and/or a change in 

temperature. The Applicant has surprisingly found that the application of a stimulus 
such as pH change or temperature change can reversibly control attraction and/or 
repulsion of particles within the liquid The Applicant has noted that it is the chemistry 
of the suspension that controls interactions between the individual particles. These 

15 interactions which may be repulsive or attractive, control the behaviour of the particles 
in the suspensions such as settling rate, final sediment height and moisture levels, 
compressive yield strength and shear flow properties such as shear yield stress and 
viscosity. 

In a further embodiment, the chemistry of the suspension may be altered by adding 
20 a chemical additive such as a polymer which is stimulant sensitive. The addition of such 
a stimulant sensitive chemical increases the sensitivity and ability to control the state of 
the suspension using the aforementioned applied stimulus, eg change of pH or change of 
temperature. In still a further embodiment, the stimulus comprises a stimulant sensitive 
polymer. 

25 The present invention strives to improve dewatering efficiencies and produce both 

improved sedimentation of fine particles and dense sediment beds and filter cakes by 
controlling the inter-particle forces in the suspension. By controlling the inter-particle 
forces between the solid particles in suspension, it is possible to control the behaviour of 
the suspension during each stage of a separation process: The invention provides the use 

30 of a stimulus to alter the inter-particle forces e.g. from repulsive to attractive and back to 
repulsive. 
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Application of the stimulus as mentioned above causes the suspension to separate 
into a solids rich phase and a liquids rich phase, These two phases can then be separated 
in accordance with conventional technology, to undergo further processing. 

For instance, in one example, the inter-particle forces of the solid particles may 

5 first be controlled to be attractive, such that the particles aggregate and thereby decrease 
settling times. The resulting sediment can then be removed by a thickener, filter or other 
device. Alternatively, the liquid above the sediment can be removed/decanted soon after 
rapid sedimentation, as is current best practice. 

The remaining high solids suspension (solids rich phase) may undergo further 

10 consolidation by then reverting the inter-particle forces back to repulsion, ie removing or 
reversing the stimulus which caused the attraction. This allows any liquid remaining in 
the sediment to be expressed and recovered after waiting a suitable period of time for 
additional consolidation. As will be clear to persons skilled in the art, it is currently not 
possible to recover such additional fluid utilizing conventional techniques. 

15 As will be clear to persons skilled in the art, the present invention provides a 

technique for controlling the state of a suspension and thereby improving the efficiency 
of later techniques for separating the solid particulate material. Controlling 
attraction/repulsion of the particles improves sedimentation both in speed and recovery, 
and further allows control over the solids concentration of the sediment, filter cake or 

20 thickener underflow. In addition to the greater solids concentration in the dewatered 
product, a dewatered product should also have a lower viscosity due to the repulsive 
forces between the particles which may result in improvements in pumping the 
dewatered product to the next process operations. 

In preferred embodiments, the stimulus used to control the inter-particle forces are 

25 pH and/or temperature, as discussed above. The pH may be increased or decreased to 
create aggregation or repulsion. The pH stimulus may be applied without a chemical 
additive such that as the pH nears the iso-electric point of the suspension, the inter- 
particle forces become attractive. As the pH moves away from the iso-electric point, 
these inter-particle forces become repulsive. 

30 Similarly, temperature may be either increased or decreased to create aggregation 

or repulsion. 

If chemical additives are used, it is preferable that a single chemical additive be 
chosen rather than a mixture of chemical additives. To explain, a single chemical 
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additive maybe selected which can act as a flocculant (inter-particle attraction) or a 
dispersant (inter-particle repulsion) depending upon the application of certain process 
parameters. This is to be preferred over separate chemical additives for flocculation and 
dispersion as it provides simplicity both in the materials added to the suspension but also 

5 reduces the need for additional mixing steps. 

A particularly preferred stimulus sensitive polymer is a polyeiectrolyte which in 
certain embodiments may be anionic or cationic. The polymer is preferably one which 
adsorbs to the surface of the particle and in a sufficient quantity to create steric or 
electrosteric repulsion between the particles. 

10 In one embodiment, the polyeiectrolyte is selected such that it is soluble at pH 

values where it is charged and poorly soluble at pH values where it has little charge. 
Accordingly, it will be clear to persons skilled in the art that by changing to a pH where 
the polyeiectrolyte has little charge attraction and resultant flocculation will occur. 
Preferably the polyeiectrolyte is one or combination of the following polymers: 

15 chitosan, polyacrylic acid, polyacrylamides and derivatives thereof, polymethacrylic 
acid, polystyrene sulfanate, polysulfanamide and others described in the Journal of 
Controlled Release, 15, 141 (1991) incorporated herein by reference, polysaccharides 
such as xanthan, carragenan, agarose, agar, pectin, guar gum and others described in 
Lapasin and Pricl, Reology of Industrial Polysaccharides: Theory and Application, 

20 Blackde Academic and Professional, 1 994, incorporated herein by reference. 

In an alternative embodiment, the polymer may be temperature sensitive such that 
it is soluble at low temperatures and poorly soluble or gels at higher temperatures. 
Alternatively, the temperature sensitive polymer may be chosen such that it is soluble at 
high temperature or gels at low temperature. 

25 Suitable temperature sensitive polymers include one or a combination of the 

following polymers: poly(N-isopropylacrylamide) (polyNIPAM), co-polymers of poly 
NIPAM with other polymers such as polyacrylic acid, methylcellulose, ethyl 
hydroxyethyl cellulose, carboxymethyl cellulose, hydrophobically modified ethyl 
hydroxyethl cellulose, and other related polymers, gelatine, agarose, agar, pecton, 

30 carragenan, xanthan gum, guar gum. 

As it would be clear to a person skilled in the art, the stimulus may be applied or 
removed to create attraction and/or repulsion in accordance with the process 
requirements. It is suitable for a variety of processes including simple, solid/liquid 

5002169 J6_l.DOC/KLC 
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* 

separation, water clarification, and aid in mineral processing or to produce rapid 

« 

dewatering. 

In yet another embodiment, if aggregation occurs by another, for example, 
conventional, technique the stimulus may only be applied following production of the 
5 sediment bed to thereby induce repulsion, further densification and consolidation of the 
filter cake and greater recovery of the clarified liquid from a filter press, for example, as 
discussed above. 

In another aspect, the present invention provides a method of consolidating a 

sediment bed comprising applying to the bed a stimulus adapted to promote inter- 
10 particle repulsion in the sediment bed, and applying said stimulus for a sufficient time to 

liberate at least some of the liquid trapped within the bed and allow further 

settling/consolidation of the particles in the sediment bed 

Once again, this application of the method to consolidate a sediment bed can be 

conducted using a variety of stimulus including pH or temperature change, with or 
15 without chemical additive. In regard to the chemical additive, it will be understood that 

it will be difficult to provide thorough mixing of a chemical additive to a sediment bed. 

Accordingly, if such consolidation of the sediment bed is required, it is preferred that the 

appropriate chemical additive be added to the suspension prior to formation of the 

sediment bed. The present invention also provides a method of separating solid particles 
20 from a liquid comprising applying the aforementioned methods for a time sufficient to 

provide a solids rich phase and a liquids rich phase, and then separating the two phases. 
There are a number of different ways in which the present invention may be used 

to promote and assist in solid/liquid separation. 

BRIEF DESCRIPTION OF DRAWINGS 
25 The present invention will now be described by way of example only with 

reference to the accompanying drawings and examples. Each Figure shows a number of 

test tubes. Each tube is identified by a number that corresponds to the Example in which 

the photo is featured and a letter representing its position in the photo. From left to right 

the letter designation increases alphabetically. 
30 Figure 1. Alumina suspensions 15 minutes after the start of sedimentation. Tube 1.A is 

at pH 4, tube 1.B is at pH 6, tube l.C is at pH 8.8, tube l.D is at pH 8.8, tube l.E is at 

pH 8.8. 
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Figure2. Alumina suspensions 120 minutes after the start of sedimentation. Tube 1. A 
is at pH 4, tube 1 .B is at pH 6, tube 1 .C is at pH 8.8, tube 1 .D is at pH 8.8, tube 1 .E is at 
pH 8.8. 

Figure 3. Alumina suspensions 89 hours after the start of sedimentation. Tube 1.A is at 
5 pH 4, tube 1 .B is at pH 6, tube 1 .C is at 8.8, tube 1 .D was at pH 8.8 for 2 hours then at 
pH 3.5, tube 1.E was at pH 8.8 for 2 hours then at pH 6.0. 

Figure 4. Silica suspensions after 15 minutes of sedimentation. Tube 2.A is at pH 5, 
tube 2.B is at pH 7, tube 2.C is at pH 3.8, tube 2.D is at pH 3.8, tube 2.E is at pH 3.8, 
tube 2.F is at pH 3.25, tube 2.G is at pH 3.25 and tube 2.H is at pH 3.25. 

10 Figure 5. Silica suspensions after 60 minutes of sedimentation. Tube 2.A is at pH 5, 
tube 2.B is at pH 7, tube 2.C is at pH 3.8, tube 2X> is at pH 3.8, tube 2.E is at pH 3.8, 
tube 2.F is at pH 3.25, tube 2.G is at pH 3.25 and tube 2.H is at pH 3.25. 
Figure 6. Silica suspensions after 22 hours of sedimentation. Tube 2.A is at pH 5, tube 
2.B is at pH 7, tube 2.C is at pH 3.8, tube 2.D was at pH 3.8 for 1 hour then at pH 4.7, 

15 tube 2.E was at pH 3.8 for 1 hour then at pH 10.5, tube 2.F is at pH 3.25, tube 2.G was at 
pH 3.25 for 1 hour then at pH 7.0 and tube 2.H was at pH 3.25 for 1 hour then at pH 
10.2. 

Figure 7. Tube 3.A contains titania at pH 4.3; tubes 3 JB and 3.C contain titania at pH 
7.5. Tube 3.D contains zircon at pH 9.2; tubes 3.E and 3.F contain titania at pH 4.0. 
20 The photo was taken 1 5 minutes after settling began. 

Figure 8. Tube 3.A contains titania at pH 4.3; tubes 3.B and 3.C contain titania at pH 
7.5. Tube 3.D contains zircon at pH 9.2; tubes 3.E and 3.F contain titania at pH 4.0. 

* 

The photo was taken 2 hours after settling began. 

Figure 9. Tube 3.A contains titania at pH 4.3; tube 3.B contains titania at pH 7.5; tube 
25 3.C contains titania that was at pH 7.5 for 2 hours then at pH 4.3. Tube 3-D contains 
zircon at pH 9.2; tube 3.E contains titania at pH 4.0; tube 3.F contains zircon that was at 
pH 4.0 for 2 hours then at pH 9.2. The photo was taken 24 hours after settling began. 
Figure 10. Ten weight percent alumina suspensions with 750,000 MW poly acrylic acid 
(PAA) at pH 8.0 after 60 minutes settling. Tube 4. A contains 0.05 % of PAA by wt of 
30 alumina; tube 4.B contains 0. 1 % of PAA by wt of alumina; tube 4.C contains 0.2 % of 
PAA by wt of alumina; tube 4D contains 0.3 % of PAA by wt of alumina; tube 4.E 

contains 0.4 % of PAA by wt of alumina; tube 4.F contains 0.5 % of PAA by wt of 
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alumina; tube 4.G contains 1.0 % of PAA by wt of alumina; tube 4.H contains 0.25 % of 
PAA by wt of alumina. 

Figure 1 1. Ten weight percent alumina suspensions with 250,000 MW poly acrylic acid 
(PAA) at pH 8.0 after 60 minutes settling. Tube 4.1 contains 0.05 % of PAA by wt of 
5 alumina; tube 4. J contains 0.1 % of PAA by wt of alumina; tube 4.K contains 0.2 % of 
PAA by wt of alumina; tube 4.L contains 0.3 % of PAA by wt of alumina; tube 4.M 
contains 0.4 % of PAA by wt of alumina; tube 4.N contains 0.5 % of PAA by wt of 
alumina; tube 4.0 contains 1.0 % of PAA by wt of alumina; tube 4.P contains 2.0 % of 
PAA by wt of alumina. 

10 Figure 12. Ten weight percent alumina suspensions with 750,000 MW poly acrylic acid 
(PAA) at pH 3.0 after 10 minutes settling. Tube 4.A contains 0.05 % of PAA by wt of 
alumina; tube 4.B contains 0.1 % of PAA by wt of alumina; tube 4.C contains 0.2 % of 
PAA by wt of alumina; tube 4.D contains 0.3 % of PAA by wt of alumina; tube 4.E 
contains 0.4 % of PAA by wt of alumina; tube 4.F contains 0.5 % of PAA by wt of 

15 alumina; tube 4.G contains 1.0% of PAA by wt of alumina. 

Figure 13. Ten weight percent alumina suspensions with 250,000 MW poly acrylic acid 
(PAA) at pH 3.0 after 30 minutes settling. Tube 4.1 contains 0.05 % of PAA by wt of 
alumina; tube 4. J contains 0.1 % of PAA by wt of alumina; tube 4.K contains 0.2 % of 
PAA by wt of alumina; tube 4X contains 0.3 % of PAA by wt of alumina; tube 4.M 

20 contains 0.4 % of PAA by wt of alumina; tube 4.N contains 0.5 % of PAA by wt of 
alumina; tube 4.0 contains 1 .0 % of PAA by wt of alumina; tube 4.P contains 2.0 % of 
PAA by wt of alumina. 

Figure 14. Ten weight percent alumina suspensions after 30 minutes of settling. Tubes 
5.A, 5.B, and 5.C contain 0.4 % of 250,000 MW PAA by weight of alumina. Tubes 5.D, 

25 5.E, and 5.F contain 0.4 % of 750,000 MW PAA by weight of alumina Tubes 5.A and 
5.D are at pH 8.0 while tubes 5.B, 5.C, 5.E, and 5.F are at pH 3.5. 
Figure 15. Ten weight percent alumina suspensions after 90 minutes of settling. Tubes 
5. A, 5.B, and 5.C contain 0.4 % of 250,000 MW PAA by weight of alumina. Tubes 5.D, 
5.E, and 5.F contain 0.4 % of 750,000 MW PAA by weight of alumina. Tubes 5.A and 

30 5.D are at pH 8.0 while tubes 5.B, 5.C, 5.E, and 5.F are at pH 3.5. 

Figure 16. Ten weight percent alumina suspensions after 48 hours of settling. Tubes 
5.A, 5.B, and 5.C contain 0.4 % of 250,000 MW PAA by weight of alumina. Tubes 5.D, 
5.E, and 5.F contain 0.4 % of 750,000 MW PAA by weight of alumina. Tubes S.A and 
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5D were kept at pH 8.0 the entire time; tubes 5.B and 5.E were kept at pH 3.5 the entire 
time; tubeS.C was at pH 3.5 for 2 hours then at pH 8.5; tube5.F was at pH 3.5 for 90 
minutes then at pH 8.5. 

Figure 17. Three weight percent silica suspensions at pH 4.5 after 90 minutes of 
5 settling. Tube 6.A contains 0.1 % chitosan by weight of silica; tube 6.B contains 0.25 % 
chitosan; tube 6.C contains 0.5 % chitosan; tube 6.D contains 1.0 % chitosan; tube 6.E 
contains 1.5 % chitosan; tube 6 J contains 2.0 % chitosan. 

Figure 18. Three weight percent silica suspensions at pH 4.5 after 18 hours of settling. 
Tube 6. A contains 0.1 % chitosan by weight of silica; tube 6.B contains 0.25 % chitosan; 
10 tube 6.C contains 0.5 % chitosan; tube 6.D contains 1.0 % chitosan; tube 6.E contains 
1.5 % chitosan; tube 6.F contains 2.0 % chitosan. 

Figure 19. Three weight percent silica suspensions after 1 minute of settling. Tube 7.A 
contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 

1 5 chitosan at pH 8.0. 

Figure 20. Three weight percent silica suspensions after 10 minutes of settling. Tube 
7.A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C , 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 
chitosan at pH 8.0. 

20 Figure 21 . Three weight percent silica suspensions after 30 minutes of settling. Tube 
7.A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tubes 7.D and 7.E contain 2.0 % 
chitosan at pH 8.0. 

Figure 22. Three weight percent silica suspensions after 90 minutes of settling. Tube 
25 7.A contains no chitosan at pH 4.5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
contains 2.0 % chitosan by wt of silica at pH 4.5; tube 7.D contains 2.0 % chitosan and 
was at pH 8.0 for the entire time; tube 7.E contains 2.0 % chitosan and was at pH 8.0 for 

■ 

45 minutes then at pH 4.5. 

Figure 23. Three weight percent silica suspensions after 180 minutes of settling. Tube 
30 7.D contains 2.0 % chitosan and was at pH 8.0 for the entire time; tube 7.E contains 2.0 
% chitosan and was at pH 8.0 for 45 minutes then at pH 4.5. 
Figure 24. Three weight percent silica suspensions after 24 hours of settling. Tube 7. A 

contains no chitosan at pH 4,5; tube 7.B contains no chitosan at pH 8.0; tube 7.C 
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contains 2.0 % chitosan by wt of silica at pH 4.5; tube 7.D contains 2.0 % chitosan and 
was at pH 8.0 for the entire time; tube 7.E contains 2.0 % chitosan and was at pH 8.0 for 
45 minutes then at pH 4.5, 

Figure 25. Three weight percent silica suspensions after 24 hours of settling. Tube7.D 
5 contains 2.0 % chitosan and was at pH 8.0 for the entire time; tube 7.E contains 2.0 % 
chitosan and was at pH 8.0 for 45 minutes then at pH 4.5. 

Figure 26. Three weight percent silica suspensions after 36 hours of settling. Tube 8. A 
contains 1.0 % chitosan by weight of silica at pH 4.5; tube 8.B contains 1.0 % chitosan 
at pH 8.5 for the entire time; tube 8.C contains 1 .0 % chitosan and was at pH 8.5 for 10 

10 minutes then at pH 4.5; tube 8.D contains no chitosan and was at pH 4.5. 

Figure 27. Five weight percent zircon suspensions after 15 minutes of settling. Tubes 
9.A, 9.B, and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 
9.F contain 2.0 % of chitosan by weight of zircon. Tubes 9.A and 9.D are at pH 5.0 
while tubes 9.B, 9.C, 9.E, and 9.F are at pH 7.7. 

15 Figure 28. Five weight percent zircon suspensions after 45 minutes of settling. Tubes 
9. A, 9.B, and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 
9.F contain 2.0 % of chitosan by weight of zircon. Tubes 9.A and 9.D are at pH 5.0 
while tubes 9.B, 9.C, 9.E, and 9.F are at pH 7.7. 

Figure 29. Five weight percent zircon suspensions after 23 hours of settling. Tubes 9. A, 
20 9.B, and 9.C contain 0.5 % of chitosan by weight of zircon. Tubes 9.D, 9.E, and 9.F 
contain 2.0 % of chitosan by weight of zircon. Tubes 9.A and 9.D were kept at pH 5.0 
the entire time; tubes 9.B and 9.E were kept at pH 7.7 the entire time; tube 9.C was kept 
at pH 7.7 for 45 mins. then at pH 5.0; tube 9.F was kept at pH 7.7 for 90 mins. then at 
pH 5.0. 

25 Figure 30. Five weight percent zircon suspensions after 23 hours of settling. The tubes 
contain 0.5 % of chitosan by weight of zircon. Tube 9.A was kept at pH 5.0 the entire 
time; tube 9.Bwas kept at pH 7.7 the entire time; tube 9.C was kept at pH 7.7 for 45 
mins. then at pH 5.0. 

Figure 31 . Five weight percent zircon suspensions after 23 hours of settling. The tubes 
30 contain 2.0 % of chitosan by weight of zircon. Tube 9.D were kept at pH 5.0 the entire 
time; tube 9.E were kept at pH 7.7 the entire time; tube 9.F was kept at pH 7.7 for 90 
mins. then at pH 5.0. 
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Figure32. Five weight percent alumina suspensions after 90 minutes of settling. Tubes 
10.A, 10.B, and 10.C contain 1.0 % of chitosan by weight of alumina. Tubes 10.D, 
10.E, and 10.F contain 2.0 % of chitosan by weight of alumina. Tubes 10.A and 10.D 
are at pH 5.0 while tubes 10.B, 10.C, 10.E, and 10.F are at pH 10.0. 
5 Figure 33. Five weight percent alumina suspensions after 23 hours of settling. Tubes 
1 0. A, 1 0.B, and 1 0.C contain 1 .0 % of chitosan by weight of alumina. Tubes 1 0.D, 

10. E, and 10.F contain 2.0 % of chitosan by weight of alumina. Tubes 10.A and 10.D 
were kept at pH 5.0 the entire time; tubes 10.B,and 10.E were kept at pH 10.0 the entire 
time; tube 10.C was kept at pH 10.0 for 90 mins. then at pH 5.0; tubel 0.F was kept at 

10 pH 10.0 for 120 mins. then at pH 5.0. 

Figure 34. Silica suspensions (7.7 wt %) at pH 5.5 after 2 mins. of settling. Tubes 1 1 A 
and 1 1 .B contained no polymer, tubes 1 1 .C, 1 1 .D and 1 1 .E contained 2.5 % poly 
(NIPAM) 132,000 MW, tubes 1 1 .F, 1 1 .G and 1 1 .H contained 2.0 % poly (NIP AM) 
132,000 MW. Tubes 11.A, ll.Cand 11.F are at 22°C, tubes 11.B, ll.D, ll.E, ll.Gand 

15 1 1 .H are at 40°C. Note the brightness and contrast of the digital photo have been 
adjusted in order to make the appearance of the photo similar to the actual visual 
appearance of the tubes. 

Figure 35. Silica suspensions (7.7 wt %) at pH 5.5 after 20 mins. of settling. Tubes 
1 1 A and 1 1 .B contained no polymer, tubes 1 1 .C, 1 1 .D and 1 1 .E contained 2.5 % poly 
20 (NIPAM) 1 32,000 MW, tubes 1 1 .F, 1 1 .G and 1 1 .H contained 2.0 % poly (NIPAM) 
1 32,000 MW. Tubes 1 1 .A, 1 1 .C and 1 1 ,F are at 22°C, tubes 1 1 .B, 1 1 .D, 1 1 .E, 1 1 .G and 

1 1. H are at 40°C. The black line indicates the sediment height at this time. Note the 
brightness and contrast of the digital photo have been adjusted in order to make the 
appearance of the photo similar to the actual visual appearance of the tubes. 

25 Figure 36. Silica suspensions (7.7 wt %) at pH 5.5 after 24 hrs. of settling. Tubes 1 1 .A 
and 1 1 .B contained no polymer, tubes 1 l.C, 1 1.D and 1 1.E contained 2.5 % poly 
(NIPAM) 1 32,000 MW, tubes 1 1 .F, 1 1 .G and 1 1 .H contained 2.0 % poly (NIPAM) 
1 32,000 MW. Tubes 1 1 .A, 1 1 .C and 1 1 .F were at 22°C the entire time; tubes 1 1 .B, 1 1 .D 
and 1 1 .G were at 40°C the entire time; tubes 1 1 .E and 1 1 .H were at 40°C for 20 minutes 

30 then at 22°C for the remainder of the time. The upper black line indicates the sediment 
height at 20 minutes and the lower black line indicates the sediment height after 24 
hours. Note the brightness and contrast of the digital photo have been adjusted in order 
to make the appearance of the photo similar to the actual visual appearance of the tubes. 
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Figure 37. Close up photo of tubes 1 1 .A and 1 1 3, same conditions and time as in 
Figure 36. 

Figure 3 8 . Close up photo of tubes 1 1 .C, 1 1 .D and 1 1 .E, same conditions and time as in 
Figure 36. 

5 Figure 39. Close up photo of tubes 1 1 .F, 1 1 .G and 1 1 .H, same conditions and time as in 

» 

Figure 36. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention will now be described with reference to Figures 1 to 39 and 
Examples 1 to 1 1 which display control of the inter-particle forces in a suspension using 

10 an applied stimulus. In this case, the stimulus applied is pH and/or temperature with and 
without chemical additives. 

The invention provides a process whereby the inter-particle forces may be 
controlled between attraction and repulsion using an applied stimulus. The following 
discussion will relate to an example whereby the applied stimulus firstly creates 

15 attraction and aggregation of the solid particles so that they settle rapidly. In the 
examples, after the solids and liquids have been separated into a primary solids rich 
phase and primary liquids rich phase, by means well known in the field, the inter-particle 
forces are controlled to switch to repulsive. This repulsion allows the solids rich phase 
to settle/consolidate further and, in the process, expel more liquid to provide a secondary 

20 liquid rich phase and a secondary solids rich phase which is higher in solids content, ie 
greater consolidation, than the primary solids rich phase. 

Generally sedimentation and consolidation of the solid particles may be performed 
under the influence of gravity. However, additional applied forces such a centrifugal 
force, pressure or vacuum, may be applied in use. 

25 There are a variety of methods for controlling the inter-particle forces to be either 

attractive or repulsive. As discussed below, these methods can involve the attraction or 
repulsion of the solid particles in a fluid with or without the use of chemical additives. 

By way of background, particles that have repulsive forces between each other 
remain as individual particles in the liquid. When the particles are very small (less than 

30 about 20 microns) they have very little mass and will settle very slowly under the 
influence of gravity. However, when the particles do eventually settle the resulting 
sediment bed is quite dense. These suspensions consolidate to relatively high volume 
fractions of solids (low moisture contents) even at low applied consolidation pressures. 
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Suspensions of particles interacting with long range repulsive pair potentials are 
referred to as dispersed or stabilized and generally have low viscosities, low yield 

stresses and liquid-like behavior. 

When there are attractive forces between particles the particles are pulled together 
5 to form aggregates. The aggregates have much larger mass than the individual particles 
(as they typically contain thousands or more primary particles) and thus they settle much 
more rapidly than the individual particles. The sediment beds that form unfortunately 
are of relatively low density and contain high residual moisture contents. These 
suspensions require high pressures to consolidate to higher volume fractions when 
10 compared to the same particles interacting with repulsive forces. Suspensions of 
particles interacting with strongly attractive pair potentials generally have high 
viscosities, high yield stresses and elastic-like behavior. 

Attractive forces can be created by reducing the surface charge of the particles to 
near nothing by either adjusting the pH to near the isoelectric point (pH at which the 
15 surface charge is neutalised) or by adding electrolyte to neutralize the surface charge 
(coagulation). 

There are typically two methods of creating repulsion between particles. First, the 
Electrical Double Layer (EDL) method can be used by adjusting solution conditions so 
that there is a similar surface charge on the all the particles. Surface charge is usually 

20 created either by adjusting the pH to values away from the iso-electric point (pH where 
the particles are neutral) or by adding a charged species that adsorbs to the particles. 
Similarly charged particles repel each other and oppositely charged particles attract. 

The second method, "steric repulsion" relies on the adsorption of a polymer on the 
particles surface that is soluble in the suspending fluid. The polymer must be adsorbed 

25 in sufficient quantity to completely cover the surface of the particles. The polymer 
extending out from the surface creates a cushion that prevents particles from coming 
together (repulsion). The polymers that work best in creating steric repulsion are 
typically low to moderate molecular weight. (About 2,000 to 1,000,000 MW.) Electro- 
steric stabilization occurs when the polymer creating the steric repulsion is also charged 

30 so as to create an EDL repulsion. The addition of surfactants may also be used to create 
repulsion between particles and stable suspensions. 
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In one embodiment of the invention, the natural Van der Waals attraction between 
the particles can be used to create attraction/agglomeration of the particles. This is done 
by adjusting the pH to the iso-electric point of the particles. At this point, the particles 
will aggregate and settle to the bottom of the container. Once the particles have formed 

5 a sediment bed and consolidated to the maximum extent that is possible under the 
attractive force, the pH can be adjusted to a value away from the iso-electric point so 
that repulsion will result. The sediment bed will then undergo further consolidation by 
expelling any liquid trapped within the sediment bed. Examples 1 to 3 illustrate the use 
of pH to switch between Van der Waals attraction and electrical double layer repulsion 

10 for several different minerals. 

EXAMPLES 1 TO 3 - EDL ATTRACTION 
EXAMPLE 1 

Electrical Double Layer, pH, stimulated flocculation and consolidation of alumina 
15 A commercial high purity alpha alumina powder (AKP-30, Sumitomo Corp. Japan) with 
a average particle size of about 0.3 microns and a density of 3.97 g cm" 3 was dispersed in 
de-ionised water as a 10 wt % suspension at its natural pH near 6. Each of five test tubes 
of approx. 60 ml volume was filled with 50 g of the 10 wt % alumina suspension. Tube 
1 .A was adjusted to pH 4.0 with HC1. Tube 1 .B was adjusted to pH 6.0 with KOH. 
20 Tube 1 .C , 1 .D, and 1 .E were adjusted to pH 8.8. The isoelectric point of alumina 
powder is about pH 9 and at pH below 7 significant positive surface charge results 
(Franks and Meagher, 2003). The suspensions in the tubes at pH 4 and 6 remained 
suspended for at least 89 hours while the suspensions in the tubes at pH 8.8 rapidly 
aggregated and settled out. (See Figures 1,2 and 3,). After 2 hours of sedimentation the 
25 rate of settling had decreased significantly in the tubes at pH 8.8 (Figure 2). After 2 hrs. 
the pH of tube l.D. was adjusted to 3.5 and the pH of tube l.E was adjusted to pH 6.0. 
After 24 hours the sediment volume of tube 1.D had decreased slightly compared to 
tubes l.C and I.E. Figure 3, shows the tubes after 89 hours of sedimentation. The 
sediment volume of tube l.D was 12.01 ml while the sediment volume of tube l.C was 

« 

30 14.49 ml. The sediment volume of tube l.E was 14.52 ml, nearly the same as tube 1 .C, 
Changing the pH of the suspension in tube 1.D to 3.5 created a significant double layer 
repulsion that allowed the sediment to slowly consolidate more than the tubes at higher 
pH values. The similar sediment volumes of tubes l.C (pH 8.8) and 1.B (pH 6.0) 
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indicates that reducing the pH only to 6.0 was not sufficient to develop a large enough 
surface charge to re disperse the alumina particles in tube 1.E, thus no additional 
consolidation was noted compared to tube l.C. 
EXAMPLE 2 

5 Electrical Double Layer, pH, stimulated flocculation and consolidation of silica 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Ten weight percent silica was dispersed in 
distilled water Each of eight test tubes of approx. 60 ml volume was filled with 50 g of 
the 10 wt % silica suspension. Tube 2.A was adjusted to pH 5.0 with HC1. Tube 2.B 
10 was adjusted to pH 7.0 with KOH. Tubes 2.C, 2.D and 2.E was adjusted to pH 3.8 with 
HC1. Tubes 2.F, 2.G, and 2.H were adjusted to pH 3.25 with HC1. The suspensions in 
the tubes at pH 5 and 7 remained stable for at least 22 hours, while the suspension in the 
tubes at pH 3.8 and 3.25 rapidly aggregated and settled out See Figures4, 5 and 6. The 
isoelectric point (iep) of silica is at about pH 3.0; at pH above 5 significant negative 
15 surface charge develops (Tadros and Lyklema, 1968). The surface charge creates an 
electrical double layer repulsion at pH 5 and above resulting in the stable suspensions, 
while at pH below 4 (near the iep) there is insufficient surface charge to stabilize the 
silica and rapid aggregation results due to van der Waals attraction (Israelachvili, 1992; 
Hunter, 2001). After 60 minutes of settling the rate of sedimentation had slowed 
20 considerably and the sediments in tubes 2.C, 2.D, 2.E, 2.F, 2.G, and 2.H occupied about 
20 to 25 % of the tubes volume. (See Figure 5). The pH of tube 2.D was adjusted to pH 
4.7. The pHoftube2.E was adjusted to pH 10.5. ThepHof tube 2.G was adjusted to 
pH 7.0. The pH of tube 2.H was adjusted to pH 10.2. The increase in pH increased the 
surface charge of the silica in the sediments and an electrical double layer repulsion was 
25 created. Sedimentation was allowed to continue. After 22 hours the final sediment 
volume of the tubes that had been adjusted to pH above 10 was significantly less than 
the tubes that had been kept at pH between 3 and 4. (See Figure 6, and Table 1) 
TABLE 1. 



Tube number 


Sediment volume after 22 hrs 


2.C 


7.44 ml 


2.D 


6.75 ml 


2.E 


6.18 ml 


2.F 


8.35 ml 
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8.35 ml 
7.46 ml 

Only the tubes that were adjusted to above pH 10 sowed any significant sediment 
consolidation compared to the tubes kept at pH near the iep. This suggests that the 
adjustment of the pH up to only pH 4.7 to 7.0 was not sufficient to develop a great 
enough surfece charge to redisperse the sediments in the tubes. Thus little additional 
consolidation occurred in tubes 2.D and 2.G compared to the tubes kept at pH near the 
iep. 

EXAMPLE 3 

Electrical Double Layer, pH, stimulated flocculation and consolidation of titania and 
zircon 



10 



15 



A submicron titania powder (CR826 from Kerr-McGee Chemical, Oklahoma City, 
USA) with an isoelectric point (iep) of about pH 7.8 was prepared as a 10 wt % 
suspension at pH about 7.5. Each of three test tubes of approx. 60 ml volume was filled 
with 50 g of the 10 wt % titania suspension. Tube 3.A was adjusted to pH 4.3 with HCL 
Tubes 3.B and 3.C were kept at pH 7.5. 

A zircon powder was obtained from Opacfine, Australia. It had a density of about 
4.4 gm cm - , about 6 microns average size and an isoelectric point (iep) of about pH 3.8. 
It was prepared as a 1 0 wt % suspension in water at pH about 4.0. Each of three test 
tubes of approx. 60 ml volume was fdled with 50 g of the 10 wt % zircon suspension. 
Tube 3.D was adjusted to pH 9.2 with KOH. Tubes 3.E and 3.F were kept at pH 4.0. 
20 All six tubes were shaken vigorously for about 30 seconds and set in a rack and 

allowed to sediment while photos were taken occasionally. Tubes 3.A (titania, pH 4.3) 
and 3.D (zircon, pH 9.2), far away from their respective ieps, remained dispersed for 
over 24 hours, while tubes 3.B and 3.C (titania, pH 7.5) and tubes 3.E and 3.F (zircon, 
pH 3.8), near their ieps, rapidly aggregated and settled. (See Figures 7-9,.) After nearly 
25 2 hours of settling the rate of sedimentation decreased dramatically. The pH of tube 3.C 
was decreased to pH 4.3 by the addition of HC1. The pH of tube 3.F was increased to 
pH 9.2 with KOH. The settling was allowed to continue. After 24 hours of settling the 
sediment volume of tube 3.C was less than tube 3.B and the sediment volume of tube 3.F 
was less than tube 3.E. (See Figure 9, and Table 2) 
30 TABLE 2. 



Tube number I Sediment volume after 24 hours 
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3.A 


Did not settle 


3.B 


10.77 ml 


3.C 


8.62 ml 


3.D 


Did not settle 

• 


3.E 


4.38 ml 


3.F 


3.80 ml 



In suspensions where there are more than one type of particles that have different 
iso-electric points, the pH can be adjusted to a value between the iso-electric points of 
the two types of particles to create aggregation by so-called heterocoagulation. 
Heterocoagulation is caused by an electrical double layer attraction between oppositely 



5 charged particles. After the aggregated particles are removed from the bulk of the 
liquid, the pH can then be adjusted to a value where both types of particle have a large 
magnitude charge density of the same size to create a repulsion, as discussed above. 

The method that uses only electrical double layer repulsion and van der Waals 
attraction, however, is usually not the best practice in industrial applications since the 
10 solids of interest are typically mixtures of several different types of particles that have 
different iso-electric points. Furthermore the aggregates created are often small and 
slow settling. 

A second method, known as bridging flocculation is usually preferred since it 
produces aggregates that settle more rapidly than coagulation and charge neutralization 

15 and it produces larger aggregates. In this method a polymer that adsorbs onto the 
particles surface is added in a quantity that is less than sufficient to fully cover the 
surface. The polymer chains that extend from one particles surface can then adsorb on 
another particles surface and hold them together. The optimum amount of polymer to 
add is usually just enough to cover half of the total particle surface area. The best 

20 bridging flocculation is usually found with polymers of moderate to very high molecular 
weight. (Typically 100,000 to 20,000,000 MW). In many cases the same polymer can 
produce either bridging flocculation or steric repulsion depending on the concentration 
used. 

Unlike the prior art, however, the present invention provides a reversible type 
25 flocculation which is absent from conventional bridging flocculations. The process of 

the present invention can produce either attraction or repulsion in between particles at 
the desired time and be able to switch back and forth. With conventional bridging 

wmon* innr/KT.C 



-18- 

flocculation, once the polymer has been added and flocculation occurs, it is not possible 

to reverse the attraction to repulsion. 

EXAMPLES 4 TO 10 - POLYELECTROLYTE ADDITION 

One of the preferred embodiments of the invention disclosed in this application relies on 
5 the use of a polyelectrolyte to aid in the development of larger rapid settling aggregates. 
The polyelectrolyte should be added in appropriate quantity so that it adsorbs to the 
particles and creates an electrosteric stabilization of the suspension. The appropriate 
quantity depends upon the particle surface area, charge density, and polymer properties. 
Those skilled in the art would be able to determine the appropriate dose for any 

10 particular combination of particle and polymer system. See for instance Examples 4 and 
6 below. The polyelectrolyte chosen should have the ability to act as both a dispersant 
and a flocculant. The preferred molecular weight range for a polymer to be able to act as 
both is about from 100,000 to 1,000,000, although it may be possible to use the method 
described in this application over a wider range of polymer molecular weights. 

15 EXAMPLES 4 AND 5 - ANIONIC POLYELECTROLYTE 

When an anionic polyelectrolyte is used the polymer is negatively charged at high pH, 
while at low pH it becomes neutral. An anionic polyelectrolyte would typically be used 
when the particles have a high isoelectric point so that they would be positively charged 
over much of the pH range. Examples 4 and 5 demonstrate the use of the anionic 

20 polyelectrolyte poly acrylic acid for the sedimentation and consolidation of alumina. 

EXAMPLE 4 

Flocculation and restabilisation of alumina with the negatively charged polyelectrolyte 
poly acrylic acid 

High purity alumina was purchased form Sumitomo Co, Japan (AKP-30 Alumina). 
The alumina had an average particle size of about 0.3 microns and an isoelectric point at 
pH 9. Ten weight percent suspensions were prepared in deionised water at pH 8.0. Two 
different molecular weights (250,000 and 750,000) of poly acrylic acid were obtained 
from Aldrich Chemicals. The 250,000 MW polymer was prepared as a 0.5 wt % 
solution in deionised water at pH 8.0 by dissolving overnight. The 750,000 was 
prepared as a 0.25 wt % solution at pH 8.0 by dissolving overnight. 

■ 

Each of sixteen test tubes of approx. 60 ml volume was filled with 40 g of the 10 
wt % alumina suspension at pH 8.0. The 750,000 MW Poly acrylic acid solution was 
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added to the first 8 tubes in the following dosages as wt % of solid particles: tube 4. A, 
0.05%; tube 4.B, 0.1%; tube 4.C, 0.2%; tube 4.D, 0.25%; tube 4.E, 0.3%; tube 4.F, 
0.4%, tube 4.G, 0.5 %; and tube 4.H, 1.0%. The 250,000 MW poly acrylic acid solution 
was added to the next 8 tubes in doses as wt % per weight of solid as following: tube 4.1, 
5 0.05%; tube.4 J, 0. 1%; tube 4.K, 0.2%; tube 4.L 0.3%; tube 4.M, 0.4%; tube 4.N, 0.5%; 
tube 4.0, 1.0% and tube 4.P, 2.0%. The tubes were allowed to settle for 17 hours while 
taking photographs. The particles in the tubes that contained between 0.05 and 0.1 % 
poly acrylic acid (both molecular weights) flocculated rapidly, and the aggregates 
settled. Within an hour significant sedimentation had occurred although the rate of 

10 sedimentation was not very fast. (See Figuresl 0 and 1 1) After 1 7 hours of 

sedimentation the suspensions at the highest concentrations of added polyacrylic acid 
remained stable. It appeared that about 0.3 wt% of the 250,000 MW poly acrylic acid or 
more was sufficient to restabilise the alumina while about 0.4 wt % of the 750,000 MW 
polymer was needed to restabilise the alumina. 

15 At pH 8 the poly acrylic acid is highly negatively charged and the alumina is 

weakly positively charged. The polymer would be expected to adsorb strongly on the 
particles. The results indicate that the optimum flocculation of alumina with poly acrylic 
acid occurs at a concentration of about 0.1 wt % polymer per weight of solid. Stable 
alumina suspensions can be produced by adding higher concentrations of poly acrylic 

20 acid; greater than about 0.3 wt % for 250,000 MW poly acrylic acid and greater than 
about 0.4 wt % 750,000 MW poly acrylic acid. These suspensions are stabilized by an 
electrosteric mechanism due to the high surface coverage of highly charged 
polyelectrolyte. 

The pH of the tubes was then adjusted to pH 3.0 with HCL The suspensions with 
25 between about 0.2 to 0.5 wt % of polymer rapidly aggregated and settled out. (See 
Figures 12 and 13) The rate of sedimentation was greater for the larger molecular 
weight polymer indicating that larger aggregates were formed. This occurs since at pH 3 
the polymer is not charged. Thus van der Waals interactions can cause the particles to 
be attracted to each other. Stable suspensions were formed for both polymers for 
30 concentrations less and equal to 0. 1 wt %. The polymer only covers at most about half 
the surface of the particles at these low concentrations and is not charged. The high 
positive charge on the alumina at this low pH is sufficient to stabilize the suspensions 
due to electirical double layer repulsion. 
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EXAMPLE 5 

pH induced flocculation and consolidation of alumina with poly acrylic acid 

Based on the result of Example 4 a concentration of 0.4 wt % poly acrylic acid 
and alumina would be a good choice for demonstration of this invention. High purity 
alumina was purchased form Sumitomo Co. Japan (AKP-30 Alumina). The alumina had 
an average particle size of about 0.3 microns and an isoelectric point at pH 9. Ten 
weight percent suspensions were prepared in deionised water at pH 8.0. Two different 
molecular weights (250,000 and 750,000) of poly acrylic acid were obtained &om 
Aldrich Chemicals. The 250,000 MW polymer was prepared as a 0.5 wt % solution in 
deionised water at pH 8.0 by dissolving overnight. The 750,000 was prepared as a 0.25 
wt % solution at pH 8.0 by dissolving overnight. 

One hundred and fifty grams each of alumina suspensions were prepared with 10 
wt % solid alumina and 0.4 % by weight of solid of each of the polymers (250,000 and 
750,000 MW). Three test tubes (5.A, 5.B and 5.C) of approx. 60 ml volume was filled 
with 50 g of the 10 wt % alumina suspension with 0.4 % 250,000 MW poly acrylic acid 
at pH 8.0. Tube 5.A was kept at pH 8.0. Tube 5.B and 5.C were adjusted to pH 3.5 with 
HC1. Another three test tubes (5.D, 5.E and 5.F) of approx. 60 ml volume was filled 
with 50 g of the 10 wt % alumina suspension with 0.4 % 750,000 MW poly acrylic acid 
at pH 8.0. Tube 5.D was kept at pH 8.0. Tube 5.E and 5.F were adjusted to pH 3.5 with 
HC1. The tubes were shaken gently for about 15 seconds and allowed to settle for 48 
hours while photographs were taken over the period of time. (See Figures 14,15 and 
16,) 

The suspensions at pH 3.5 rapidly aggregated and settle out leaving a clear 
supernatant. The aggregation was induced at pH 3.5 where the polymer is only slightly 
negatively charged. Under these conditions the polymer coated particles are neutral and 
van der Waals attraction draws them together into aggregates. The rate of sedimentation 
was slightly faster for the larger polymer. Within a matter of 30 minutes the sediments 
occupied less than about 50% of the tubes volume. (See Figure 14) The suspensions at 
pH 8.0 remained stable for up to 48 hours. (See Figure 16.) At pH 8 the polyacrylic 
acid is highly charged and creates an electrosteric repulsion between the alumina 
particles. 

After 90 mins. consolidation in tube 5.F (750,000 MW) dramatically slowed and 

the pH was adjusted to pH 8.5 with KOH. After 2 hours consolidation in tube 5.C 
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(250,000 MW) dramatically slowed and the pH was adjusted to pH 8.5 with KOH, 
Sedimentation was observed as it was allowed to continue. Adjusting the pH up to 8.5 
has the result of causing the polymer to become highly negatively charged again and 
recreating a repulsion between the particles. The rate of sedimentation in tubes 5.C and 
5.F increased slightly compared to tubes 5.B and 5.D. After 48 hours the suspensions 
that had been at pH 8.0 the entire time remained stable with particles remaining 
suspended. The sediments that had been changed to 3.5 and then to 8.5 (tubes 5.C and 
5.F) occupied less volume than the corresponding sediments that had remained at pH 3.5 
(tubes 5.B and 5.E). (See Figure 16 and Table 3) 
TABLE 3 



tube 


Sediment volume (ml) 


5.A 


N/A stable dispersion 


5.B 


19.31 ml 


5.C 


17.09 ml 


5.D 


N/A stable dispersion 


5.E 


22.94 ml 


5.F 


20.72 ml 



EXAMPLES 6 TO 8 - CATIONIC POLYELECTROLYTE 

When a cationic polyelectrolyte is used the polymer is positively charged at low pH and 
becomes neutral as pH is increased. Cationic polyelectrolytes would usually be used 
when the particles have low isoelectric point and are negatively charged over much of 
the pH range. Examples 6, 7, and 8 show the use of chitosan (cationic polyelectrolyte) 
as a stimulant sensitive flocculant and consolidating aid for silica. 
EXAMPLE 6 

Flocculation and restabilisation of silica with the positively charged polyelectrolyte 
chitosan 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Six weight percent silica was dispersed in 
distilled water. ThepH was adjusted to 5.0 with HC1. Low molecular weight (about 
150,000 g/mole) chitosan was purchased from Fluka. The chitosan was dissolved as a 1 
weight percent solution in an approximately 1 mole/liter acetic acid solution in distilled 
water at pH 4.0. The chitosan was allowed to dissolve for more than three days. 
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Chitosan is positively charged at low pH, but looses its charge as pH is increased. When 
it looses its charge it becomes hydrophobic and is only sparingly soluble in water 
(Varum et al., 1994). 

Each of six test tubes of approx. 60 ml volume was filled with 21 g of the 6 wt % 
5 silica suspension. Twenty and 87/100 grams of distilled water was added to test tube 
6. A. Thirteen one hundredths (0.13) grams of the 1 wt % chitosan solution was added to 
the tube. The resulting pH was approximately 4.5. The resulting suspension contained 3 
weight percent of silica and 0.1 wt % chitosan as weight per weight of silica at pH 4.5. 
Twenty and 7/1 0 grams of distilled water was added to test tube 6.B. Thirty one one • 
10 hundredths (0.3 1) grams of the 1 wt % chitosan solution was added to the tube. The 
resulting pH was approximately 4.5. The resulting suspension contained 3 weight 
percent of silica and 0.25 wt % chitosan as weight per weight of silica at pH 4.5. 
Twenty and 3/10 grams of distilled water was added to test tube 6.C. Six hundred 
twenty five one thousands (0.625) grams of the 1 wt % chitosan solution was added to 
15 the tube. The resulting pH was approximately 4.5 . The resulting suspension contained 3 
weight percent of silica and 0.5 wt % chitosan as weight per weight of silica at pH 4.5. 
Nineteen and 75/1 00 grams of distilled water was added to test tube 6.D. One and one 
quarter grams of the 1 wt % chitosan solution was added to the tube. The resulting pH 
was approximately 4.5. The resulting suspension contained 3 weight percent of silica 
20 and 1 wt % chitosan as weight per weight of silica at pH 4.5. Nineteen and 13/100 

grams of distilled water was added to test tube 6.E. One and 88/100 grams of the 1 wt % 
chitosan solution was added to the tube. The resulting pH was approximately 4.5. The 
resulting suspension contained 3 weight percent of silica and 1.5 wt % chitosan as 
weight per weight of silica at pH 4.5. Eighteen and one half grams of distilled water was 
25 added to test tube 6.F. Two and one half grams of the 1 wt % chitosan solution was 
added to the tube. The resulting pH was approximately 4.5. The resulting suspension 
contained 3 weight percent of silica and 2 wt % chitosan as weight per weight of silica at 
pH4.5. 

The five test tubes were shaken vigorously for approximately 30 seconds and 
30 placed in a rack to allow the particles to settle. Photographs were taken occasionally 
over the day. After several minutes sediment began to appear in tubes 6.A and 6.B 
which contained 0.1 and 0.25 wt % chitosan respectively. The aggregates responsible 
for this increased sedimentation were too small to be observed by the naked eye (less 
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than about 100 microns). These aggregates settled to the bottom of the tube within about 
90 minutes. (See Figure 17.) The supernatant was not completely clear at any 
concentration investigated indicating that not all particles participated in the aggregation. 
Tubes 6.E and 6.F (containing 1.5 and 2.0 wt % chitosan respectively) did not appear to 
have aggregate formation and remained stable for up to at least 18 hours. (See Figure 
18.) Tubes 6.C and 6.D (containing 0.5 and 1 .0 wt % chitosan respectively) had 
intermediate behaviour to the low and high concentration suspensions. This example 
illustrates that at low pH the positively charged chitosan will adsorb to negatively 
charged particles such as silica. When the concentration of chitosan is low (about 0. 1 to 
0.5 wt %) bridging flocculation will occur and the aggregates will settle out. Note that 
the aggregates size was small, the rate of settling still relatively slow and the supernatant 
was not completely clear. When higher concentrations of chitosan are used (more than 1 
wt %) the particles surface becomes completely covered in polymer and the suspension 
is restabilised by the steric repulsion between the particles. 

* Typically, small and slow setting aggregates are created by methods that use 
natural Van der Waals attraction or electrical double layer attraction. Generally 
therefore, those skilled in the art prefer polymer flocculants for rapid solid-liquid 
separation. Polymeric flocculants usually produce larger and more rapid settling 
aggregates. 
EXAMPLE 7 

pH induced flocculation and consolidation of silica with 2 wt % chitosan 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Six weight percent silica was dispersed in 
distilled water. The pH was adjusted to 5.0 with HC1. Low molecular weight (about 
150,000 g/mole) chitosan was purchased from Fluka. The chitosan was dissolved as a 1 
weight percent solution in an approximately 1 mole/liter acetic acid solution in distilled 
water at pH 4.0. The chitosan was allowed to dissolve for more than three days. 
Chitosan is positively charged at low pH, but looses its charge as pH is increased. When 
it looses its charge it becomes hydrophobic and is only sparingly soluble in water 
(Varum etal., 1994). 

Each of five test tubes of approx. 60 ml volume was filled with 21 g of the 6 wt % 
silica suspension. Twenty one grams of distilled water was added to test tube number 
7. A. The pH was adjusted to 4.5 with HC1. The resulting suspension contained 3 weight 
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percent of silica in water at pH 4.5. Twenty one grams of distilled water was added to 
test tube number 7.B. The pH was adjusted to 8.0 with KOH. The resulting suspension 
contained 3 weight percent of silica in water at pH 8. Eighteen and a half grams of 
distilled water was added to test tube number 7.C. Two and a half grams of the 1 wt % 
5 chitosan solution was added to the tube. The resulting pH was 4.5. The resulting 
suspension contained 3 weight percent of silica and 2 wt % chitosan as weight per 
weight of silica at pH 4.5. Eighteen and a half grains of distilled water was added to test 
tube number 7.D. Two and a half grams of the 1 wt % chitosan solution was added to 
the tube. The resulting pH was 4.5 . The pH was adjusted to 8 with KOH. The 
10 resulting suspension contained 3 weight percent of silica and 2 wt % chitosan as weight 
per weight of silica at pH 8. Eighteen and a half grams of distilled water was added to 
test tube number 7.E. Two and a half grams of the 1 wt % chitosan solution was added 
to the tube. The resulting pH was 4,5. The pH was adjusted to 8 with KOH. The 
resulting suspension contained 3 weight percent of silica and 2 wt % chitosan as weight 
1 5 per weight of silica at pH 8. 

The five test tubes were shaken vigorously for approximately 30 seconds and 
placed in a rack to allow the particles to settle. Photographs were taken at frequent time 
intervals over the next several days. As demonstrated in Example 1 above, 2 wt % 
chitosan per weight of silica is sufficient to completely cover the particles resulting in 
20 electro-steric repulsion at low pH. 

A quite dramatic difference was noted between tubes (7.A, 7.B and 7.C) and (7.D 
and 7.E) over the first 0 to 10 minutes. The particles in tubes 7.A, 7.B and 7.C did not 
appear to settle. These particles remained dispersed due to the repulsive forces between 
the particles. The particles in tubes 7. A and 7.B are stabilized by Electrical Double 
25 Layer repulsion and those in tube 7.C are stabilized by electro-steric stabilisation due to 
the positively charged chitosan adsorbed on the silica The suspensions in tubes 7.D and 
7.E on the other hand rapidly flocculated producing aggregates, which were visible to 
the naked eye and appeared to be between about 100 and 500 microns in size. These 
aggregates rapidly settled as indicated by Figures 19 and 20. Extremely clear 
30 supernatants resulted. The aggregation was initiated by the change in pH to pH 8. This 
change in pH neutralized the positive charge on the chitosan. Chitosan is positively 
charged at low pH but neutral (uncharged) at pH values above about 7.0. (Varum et al, 
1994) The neutral chitosan is not very soluble in water (Varum et al., 1994) and 
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attraction results between the chitosan molecules on neighbouring silica particles 
creating an attraction between the particles. 

The sediments in tubes 7.D and 7.E continued to slowly consolidate. Within a 
matter of 10 minutes the sediment occupied less than 25 % of the tube volume for tubes 
5 7.D and 7.E while the suspensions in tubes 7.A, 7.B and 7.C appeared to have virtually 
no sediment formation, and the suspension occupied nearly 100 % of the tube volume. 
After about 15 to 30 minutes the rate of consolidation in tubes 7.D and 7.E slowed 
dramatically reaching a plateau level. (See Figure 21). After 45 minutes of 
sedimentation the pH of tube 7.E was adjusted to pH 4.5 by the addition of HC1. One 

10 drop at a time of one mole per litre HC1 was added and the pH monitored. One minute 
was waited between drops. It took about 10 minutes to reach pH 4.5. The change in pH 
back to pH 4.5 created a positive charge on the chitosan. The attraction between the 
silica particles at pH 8 has been changed to an electrosteric repulsion at pH 4.5. 
Sedimentation was allowed to continue. A slight haze appeared above the sediment bed 

15 due to the inevitable minor agitation that occurred as the acid was added. The 

aggregates in the top portion of the sediment of tube 7.E appeared to become reduced in 
« 

size. The region of deflocculation appeared to slowly travel down to the bottom of the 
sediment bed over the period of about an hour. The sediment of tube 7.E began to 
consolidate at a faster rate than that of tube 7.D. (See Figures 22 and 23.) 

20 . A noticeable sediment bed only began to appear in tubes 7. A, 7.B and 7.C after a 
period of about 45 minutes to an hour. There was no clear supernatant and the high 
turbidity of the liquid above the sediment suggests that most particles were still 
dispersed in the upper part of tubes 7.A, 7.B and 7.C. (See Figures 21.) A small amount 
of clear supernatant was observed in tubes 7.A, 7.B and 7.C only after about 2 to 3 

25 hours. See Figure 23. 

The sediment in tube 7.E was clearly more consolidated than that in tube 7.D after 
about 3 hours of sedimentation although there is a slight haze in tube 7.E just above the 
sediment. 

After 24 hours of sedimentation the sediment in tube 7.E occupies 5.64 cm of 
30 volume, while the sediment in tube 7.D occupied 10.26 cm 3 of volume. See figures 24 
and 25. Although some sediment is building up in tubes 7.A, 7.B and 7.C there is still a 
very turbid suspension above the sediments in those tubes. See Figure 24. 
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This example illustrates that both rapid sedimentation and high sediment density 
result when the inter-particle forces are made attractive to initiate sedimentation and then 
changed back to repulsive to allow the sediment to consolidate. The use of chitosan 
demonstrated that this concept has been reduced to practice for an adsorbing polymer 
5 that has charge and solubility that depends upon pH. In this way a simple change of pH 
can be uses as a stimulus to change the inter-particle forces. 
EXAMPLE 8 

pH induced flocculation and consolidation of silica with 1 wt% chitosan 

Six wt % silica suspension and 1 wt % chitosan solution were prepared as in 
1 o Examples 6 and 7. Each of four test tubes was filled with 32 g silica suspension. 
Twenty two grams of distilled water were added to tube number 8. A. One and nine 
tenths grams of the 1 wt % chitosan solution was added. The resulting pH was 4.5. The 
resulting suspension contained 3.5 wt % silica and 1 wt% chitosan as weight per weight 
of silica at pH 4.5. Twenty two grams of distilled water were added to tube number 8.B. 
15 One and nine tenths grams of the 1 wt % chitosan solution was added. The pH was 
adjusted to 8.5. The resulting suspension contained 3.5 wt % silica and 1 wt % chitosan 
as weight per weight of silica at pH 8.5. Twenty two grams of distilled water were 
added to tube number 8.C. One and nine tenths grams of the lwt % chitosan solution 
was added. The pH was adjusted to 8.5. The resulting suspension contained 3.5 wt % 
silica and 1 wt % chitosan as weight per weight of silica at pH 8.5. Twenty two grams 
distilled water was added to tube number 8.D and the pH was adjusted to 4.5. 

The four test tubes were shaken vigorously for approximately 30 seconds and 
placed in a rack to allow the particles to settle. The sedimentation was observed 
visually. The results of Example 6 indicate that a concentration of 1 wt % chitosan is 
barely enough to completely cover the surface of the particles. 

The particles in tubes 8.B and 8.C flocculated very rapidly to form aggregates that 
were visually estimated to be between 0.5 and 2 mm in size. They settled rapidly to the 
bottom of the tube. Within approximately 1 minute the sediment formed occupied about 
25 percent of the volume of the tube. Over this time period no change was noted in tube 
number 8.D, Tube 8.D behaved the same as tube number 7.A in Example 7 for the 
remaining time of the experiment. Tube number 8.A appeared to have some particles 
that formed aggregates. These aggregates were deemed to be approximately 100 to 200 

microns in size since they were just barely visible to the naked eye. These aggregates 
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were likely caused by bridging flocculation of the silica with the chitosan. The 
concentration used (lwt %) is not quite enough to completely coat the surface of all the 
particles, thus some bridging of particles resulted while some particles remained as 
individuals. The aggregates in tube 8.A settled and formed a sediment bed over the 
5 period of about 20 to 30 minutes. The supernatant remained turbid for up to about 24 or 
more hours. 

Between about 5 and 1 0 minutes after the start of the experiment, the sediments of 
tubes 8.B and 8.C appeared to reach a plateau level. After 10 minutes the pH of tube 8.C 
was adjusted to pH 4.5 by the addition of HC1. One drop at a time of one mole per litre 

10 HC1 was added and the pH monitored. One minute was waited between drops. It took 
about 10 minutes to reach pH 4.5. The change in pH back to pH 4.5 created a positive 
charge on the chitosan. The attraction between the silica particles at pH 8 has been 
changed to an electro-steric repulsion at pH 4.5. Sedimentation was allowed to continue. 
The rate of consolidation in tube 8.C increased and the volume of the sediment 

15^ decreased. 

Approximately 36 hours after the start of the experiment the photograph shown in 
Figure 26 was taken. The sediment in tube 8.D occupies the least volume, but the 
supernatant is not clear. The particles in this tube are well dispersed by EDL repulsion 
and behave as expected. They have slow settling rates, but form high density sediment 
20 beds. The sediment in tube 8.A is also quite dense as it occupies a fairly small volume. 
The supernatant of this tube is not clear indicating that some particles remain suspended. 
This tube had some particles that formed small aggregates which did settle, and some 
particles which were completely coated by the chitosan and became electro-sterically 
stabilized. The sediment in tube 8.B occupies the largest volume, but this sediment 
25 formed very rapidly (within about 10 minutes). When the pH of the tube was adjusted to 
pH 8 the chitosan lost its charge and became hydrophobic. The particles became 
attractive to each other and aggregation and rapid sedimentation occurred. The sediment 
bed in tube 8.C occupies about the same volume of the sediment in tube 8. A but the 
supernatant is clear. The sediment in tube 8.C occupies about half the volume of tube 
30 8.B. The particles in tube 8.C formed aggregates and rapidly settled during the first 10 
minutes of the experiment when the tube contents were at pH 8. After 10 minutes when 

the pH was changed back to pH 4.5 the sediment consolidated since the chitosan became 
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recharged and the forces between the particles became repulsive. This example 
illustrates that a wide range of polymer concentrations can be used in this invention. 

When a cationic polyelectrolyte is used the polymer is positively charged at low 
pH and becomes neutral as pH is increased. Cationic polyelectrolytes would usually be 
5 used when the particles have low isoelectric point and are negatively chargedover much 
of the pH range. Examples 6, 7, and 8 show the use of chitosan (cationic 
polyelectrolyte) as a stimulant sensitive flocculant and consolidating aid for silica. 
EXAMPLES 9 AND 10 - CHITOSAN 

It is also possible to use a polyelectrolyte that has the same sign charge as the particles. 

1 0 Example 9 demonstrates this embodiment of the invention using chitosan and alumina. 

Both the chitosan and alumina are positively charged at pH 5 where the stable 

suspensions are produced. At pH above about 7 or 8 the chitosan is neutralized and 

caused aggregation. Example 10 shown below demonstrates the use of positively 

charged chitosan with zircon at pH 5.0 where the zircon is near its isoelectric point (pH 

15 3.8) and only has a small negative charge on its surface. 
EXAMPLE 9 

pH induced flocculation and consolidation of zircon with chitosan 

A zircon powder was obtained from Opacfine, Australia. It had a density of about 
4.4 gm cm" , about 6 microns average size and an isoelectric point (iep) of about pH 3.8. 
20 It was prepared as a 5 wt % suspension in water at pH about 5.0. 

Six test tubes of approx. 60 ml volume were filled with 45 g of the 5 wt % zircon 
suspension. Sufficient quantity of a chitosan solution was added to tubes 9.A, 9.B and 
9.C to produce a 0.5 wt. % chitoan concentration per weight of zircon. Sufficient 
quantity of a chitosan solution was added to tubes 9.D, 9.E and 9.F to produce a 2.0 wt. 
25 % chitoan concentration per weight of zircon. Tubes 9. A and 9.D were kept at pH 5.0. 
Tubes 9.B, 9.C, 9.E and 9.F were adjusted to pH 7.7 with KOH. The tubes were shaken 
vigorously for about 30 seconds and allowed to sediment under gravity. 

The suspensions of zircon with chitosan at pH 5.0 (tubes 9. A and 9.D) remained 
stable for up to 23 hours without any significant amount of sedimentation or 
30 clarification. (See Figures 27 through 31,) These suspensions were presumably 
stabilized, by an electrosteric mechanism since the positively charged chitosan would 
adsorb to the slightly negatively charged zircon. On the other hand the suspensions at 
pH 7.7 (tubes 9.B, 9.C, 9.E and 9.F) rapidly aggregated and settled rapidly producing 
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high clarity supernatants. See Figures 27 and 28. The aggregation was a result of the 
change to pH 7.7 which caused the chitosan to become uncharged, hydrophobic, 
strongly adsorb to the particles surfaces and create an attraction between the particles. 
The suspensions at 0.5 wt % concentration chitosan (tubes 9.B and 9.C) produced 
5 slightly faster sedimentation and more dense sediment beds but less clear supernatant 
than the suspensions containing 2.0 wt % chitosan (tubes 9.E and 9.F). After 45 minutes 
of settling the pH of tube 9.C was adjusted to 5.0 with HC1. After 90 minutes the pH of 
tube 9.F was adjusted to 5.0 with HC1. The change in pH back to pH 5.0 for these tubes 
resulted in the re-development of a charge on the chitosan and re-creation of an 
10 electrosteric repulsion between the particles. Settling was allowed to continue. After 23 
hours total settling time the sediments in the tubes adjusted to pH 5.0 (tubes 9.C and 9.F) 
had consolidated to a greater extent than the sediments in the corresponding tubes that 
had remained at pH 7.7 (tubes 9.B and 9.E). See figures 29 through 3 1 and Table 4 for 



the sediment volumes. 
TABLE 4 

* 


tube 

_ — 


Sediment volume (ml) after 23 hrs. 




N/A stable dispersion 


9.B 


6.55 ml 


9.C 

— — 


5.28 ml 




N/A stable dispersion 


9JE 


9.90 ml 


9.F 


6.40 ml 



EXAMPLE 10 

pH induced flocculation and consolidation of alumina with chitosan 



A commercial high purity alpha alumina powder (AKP-30, Sumitomo Corp. 
Japan) with a average particle size of about 0.3 microns and a density of 3.97 g cm" 3 was 

20 dispersed in de-ionised water as a 5 wt % suspension at pH 5.0. The isoelectric point of 
the alumina is at about pH 9.0. Each of six test tubes of approx. 60 ml volume was filled 
with 45 g of the 5 wt % alumina suspension. Sufficient quantity of a chitosan solution 
was added to tubes 10. A, 10.B and 10.C to produce a 1.0 wt. % chitoan concentration 
per weight of alumina. Sufficient quantity of a chitosan solution was added to tubes 

25 10.D, 10.E and 10.F to produce a 2.0 wt. % chitoan concentration per weight of alumina 
Tubes 10.A and 10.D were kept at pH 5.0. Tubes 10.B, 10.C, 10.E and 10.F were 
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adjusted to pH 10.0 with KOH. The tubes were shaken vigorously for about 30 seconds 
and allowed to sediment under gravity. 

The suspensions of alumina with chitosan at pH 5.0 (tubes 10.A and 10.D) 
remained stable for up to 23 hours without any significant amount of sedimentation or 
5 clarification. (See Figures 32 and 33,.) These suspensions were presumably stabilized 
either by the high positive charge on the alumina surface or by an electrosteric 
mechanism if the positively charged chitosan adsorbed to the positively charged alumina 
by a non electrostatic driving force. On the other hand the suspensions at pH 10.0 (tubes 
10.B, 10.C, 10.Eand 10.F) rapidly aggregated and settled rapidly producing high clarity 
10 supernatants. See Figure 32. The aggregation was a result of the change to pH 10.0 
which caused the chitosan to become uncharged, hydrophobic, strongly adsorb to the 
particles' surfaces and create an attraction between the particles. The suspensions at 1.0 
wt % concentration chitosan (tubes 10.B and 10.C) produced somewhat faster 
sedimentation and more dense sediment beds than the suspensions containing 2.0 wt % 
15 chitosan (tubes 10.E and 10.F). After 90 minutes of settling the pH of tube 10.C was 
adjusted to 5.0 with HC1. After 120 minutes the pH of tube 10.F was adjusted to 5.0 
with HC1. The change in pH back to pH 5.0 for these tubes resulted in the re- 
development of a charge on the chitosan and re-creation of repulsion between the 
particles. Settling was allowed to continue. After 23 hours total settling time the 
20 sediments in the tubes adjusted to pH 5.0 (tubes 10.C and 10.F) had consolidated to a 
greater extent than the sediments in the corresponding tubes that had remained at pH 
10.0 (tubes 10.B and 0.E). See Figure 33 and Table 5 for the sediment volumes. 
TABLE 5 



tube 


Sediment volume (ml) after 23 hrs. 


10.A 


N/A stable dispersion 




10.77 ml 


10.C 


8.72 ml 


10.D 


N/A stable dispersion 


10.E 


13.70 ml 


10.F 


10.03 ml 



It is also possible to use a polyelectrolyte that has the same sign charge as the 
25 particles. Example 10 demonstrates this embodiment of the invention using chitosan 
and alumina. Both the chitosan and alumina are positively charged at pH 5 where the 
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stable suspensions are produced. At pH above about 7 or 8 the chitosan is neutralized 
and caused aggregation. Example 9 shown above demonstrates the use of positively 
charged chitosan with zircon at pH 5.0 where the zircon is near its iso-electric point (pH 
3.8) and only has a small negative charge on its surface. 
5 TEMPERATURE AS STIMULUS 

In another embodiment of the present invention, temperature may be used as the 
applied stimulus. The Applicant has found that such temperature sensitive suspensions 
can be controlled in a manner similar to the Examples above. 

In the following embodiment, a temperature sensitive polymer is applied to the 
suspension, however, it is not absolutely essential that the temperature sensitive polymer 
absorb to the surface of the particle. A stable suspension should be made with an 
appropriate quantity of temperature sensitive polymer at a temperature where the 
polymer is soluble. The pH of the suspension may need to be adjusted to an appropriate 
value to develop an electrical double layer repulsion. Alternatively, another adsorbing 
polymer or surfactant may be used to create a steric repulsion. 

The temperature is then changed to another temperature at which the polymer 
becomes insoluble, eg typically higher. They polymer would then become hydrophobic 
providing a driving force for the polymer to simultaneously adsorb on the particle and 
aggregate with other polymer molecules. Aggregation will rapidly result and the 
aggregates will relatively easily be removed from the liquid by methods known to those 
skilled in the art and as discussed above. 

To create repulsion, the temperature may then be altered to another temperature 
where the polymer is again soluble, eg typically lower. Under such conditions, the 
particles are rendered repulsive and additional water can be recovered from the 
dewatered product via typical consolidation procedures discussed above. 
EXAMPLE 11 

Temperature induced flocculation and consolidation of silica with 132,000 MW poly 
(NIPAM)atpH5.5 

Silica (ground quartz, 99% pure) with an average particle size of approximately 2 
microns was purchased from Sigma Aldrich. Ten weight percent silica was dispersed in 
distilled water. The pH was adjusted to 5.5 with HC1. Poly(n-isopropyl acrylamide) 
(NIPAM) with a molecular weight about 132,000 g/mole was purchased from Polymer 
Source Inc. The poly (NIPAM) was dissolved as a 1 weight percent solution distilled 
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water at pH 5.5. The pH was adjusted with HC1. The poly (NIP AM) was allowed to 
dissolve for several hours in a refrigerator (about 4° C), then at room temperature (22 0 
C) overnight. At temperatures below about 32 0 C poly (NIPAM) forms hydrogen bonds 
with water molecules. This well hydrated form of poly (NIPAM) is water soluble. At 
5 temperatures above about 32 0 C, there is sufficient thermal energy to break the hydrogen 
bonds holding the water to the poly(N!PAM) and dehydrate the polymer. The 
dehydrated form of poly (NIPAM) is not soluble in water and precipitates out. 

Each of eight test tubes of approx. 60 ml volume was filled with 40 g of the 10 wt 
% silica suspension. Twelve grams of water was added to each of tubes 1 1 .A and 1 1 .B. 
10 These tubes contained 7.7 wt % silica in water at pH 5.5. Ten grams of the 1 wt % 
poly(NIPAM) solution and two grams of water was added to each of tubes 1 l.C, 1 1.D, 
and 1 1 .E. These tubes contained 7.7 wt % silica in a solution of 2.5 wt % poly (NIPAM) 
per wt of silica in water at pH 5.5 Eight grams of the 1 wt % poly(NIPAM) solution 
and four grams of water was added to each of tubes IIP, 11. G, and 11.H. These tubes 
15 contained 7.7 wt % silica in a solution of 2.0 wt % poly (NIPAM) per wt of silica in 
water at pH 5.5 

It is assumed although not known for certain that the poly (NIPAM) is not 
adsorbed to the particles surface at room temperature. This is not very important since at 
room temperature the suspensions would be stable due to steric repulsion if the poly 

20 (NIPAM) is adsorbed and the suspension would be stabilized by EDL repulsion if the 
poly (NIPAM) is not adsorbed. There is no driving force present for adsorption so that 
the assumption of no adsorption is likely a good one. 

The eight test tubes were shaken vigorously for approximately 30 seconds. Tubes 
1 1 .A, 1 1 .C, and 1 1 .F were placed in a rack to allow the particles to settle at room 

25 temperature (22° C). Tubes 1 1 .B, 1 1 .D, 1 1 .E, 1 1 .G and 1 1 .H were placed in a rack in a 
40° C water bath. It was previously determined that the suspension in the test tube 
reached 32 ° C in about 1 minute and 40 0 C in about 2 minutes. Periodically the tubes in 
the water bath were removed from the bath and hung on the rack with the samples that 
were settling at room temperature. Each time the tubes were removed from the water 

30 bath a photo was taken to compare the settling of the eight tubes. Tubes 1 1 .B, 1 1 .D, 
ll.E, ll.Gand 11.H were quickly returned to the 40° C water bath. Photographs were 
taken periodically over the next 24 hours. 
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None of the supernatants ever became clear. Some particles always remained 
suspended indicating that the poly (NEPAM) used was not the optimum flocculant for 
the silica used. Nonetheless, as will be described next a significant fraction of the solids 
could be removed from the suspension under the proper conditions. It is expected that a 
5 poly (NIPAM) co-polymerised so as to have some fraction of charged sites would be a 
preferred polymer for this invention. 

After 2 minutes of settling tubes 1 1 .A, 1 1 .B, 1 1 .C, and 1 1 .F showed no sign of 
sediment formation. On the other hand tubes 11.D, M.E, ll.Gand 11 ,H appeared to 
have a sediment bed that occupied about 10 % of the tubes volume. (See Figure 34). 
10 Unfortunately the supernatant was not very clear making it difficult to get a good 
photograph of the sediment bed. In order to reproduce the actual visual appearance of 
the sediment beds in this example the photographs have had adjustments to their 
brightness and contract to enhance the demarcation between the sediment bed and the 
turbid supernatant above. 

15 The rapid sedimentation that occurred in tubes 11. D, 11. E, ll.Gand 11. H, when 

their temperature exceeded about 32 0 C is because the poly (NIPAM) becomes 
hydrophobic, adsoibs onto the particles surface and creates a bridging or hydrophobic 
attraction between the particles. The particles quickly aggregate and begin to settle 
rapidly. After about 10 minutes the sediment level does not change much. Figure 35, 
20 shows the sediment after 20 minutes (height same as after 10 minutes). The black lines 
were drawn with a felt tipped pen to indicate the level of the sediment in tubes 1 ID, 
1 1 .E, 1 1 .G and 1 1 .H. No sediment was noticed in the other tubes. 

After 20 minutes of sedimentation tubes 1 1 .E and 1 1 .H were allowed to coot to 
room temperature (22° C) for the rest of the experiment. Tubes 1 1.B, 1 ID and 1 1.0 
25 were kept at 40° C for the remainder of the experiment. When tubes 1 1 .E and 1 1 .H were 
cooled to room temperature the poly (NIPAM) became rehydrated and was able to 
dissolve in the solution. The attraction that was present between particles at 40° C 
returned to repulsion as the poly (NIPAM) redissolved once the temperature was 
lowered. Once the repulsive force between particles was restored the sediment bed 
30 began to slowly consolidate. After 1 8 hours of sedimentation all 8 tubes had a visible 
sediment layer. The sediment heights were marked with a second black line on the 
tubes. The sediment heights were the same after 24 hours as they were after 1 8 hours. 
Figures 36, 37, 38 and 39 show the tubes after 24 hours of sedimentation. None of the 
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supematants were completely clear. The suspensions without any polymer at both 22° C 
and 40° C (tubes 1 1 .A and 1 1.B respectively) had small volume of sediments, typical of 
sediments from well dispersed suspensions, but it took many hours for the sediments to 
form. Similarly tubes 1 1 .C and 1 1 .F had small sediment volumes that took many hours 
to form, indicating that these suspensions (containing 2.5 wt% and 2.0 wt% poly 
(NIPAM) respectively) that were kept at 22° C for the entire experiment were well 
dispersed suspensions. 

The tubes that were kept at 40° C for the entire experiment (1 1.D and 1 1 .G) had 
the largest sediment volumes. The sediments in these tubes settled rapidly (in less than 
10 mins.) then continued to consolidate for some time after 20 minutes reaching an 
equilibrium in less than 18 hours. 

The final two suspensions (1 1.E and 1 1.H) had sediments that occupied about the 
same volume as the well dispersed sediments (tubes 11. A, 11.B, ll.C, and 11 .F). These 
two suspensions (1 1 .E and 1 l.H) were initially kept at 40° C for the first 20 minutes 
during which time the sediment rapidly formed. After 20 minutes the temperature of 
these two suspensions (1 1 JE and 1 1 .H) was kept at 22 0 C during which time the 
sediments consolidated to a greater extent then for the same suspensions kept at 40° C 
for the entire experiment (tubes 11.D and 1 l.G). 

The final sediment volumes after 24 hours for each of the 8 tubes is given in Table 

20 6. 

TABLE 6 
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Tube 


Sediment 
volume 


11.A 


3.01 cm J 


11.B 


2.85 cm J 


ll.C 


2.40 cm'' 


11.D 


3.94 cm J 


11.E 


2.47 cnv* 


11.F 


2.60 cm J 


ll.G 


4.04 cm J 


11.H 


2.68 cnr* 



respectively for 24 hours as control samples. No difference in settling was observed 
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between the two tubes so that any effect of temperature difference on the settling could 
. be ruled out. 

INDUSTRIAL APPLICABILITY 

The present invention is useful in a wide variety of industries. The ability of the 
5 present invention to control the state of a suspension and revert the suspension into a 
dual phase mixture of solids rich phase and liquids rich phase provides significant 
advantages over the prior art and significant benefits for downstream separation 
processes. 

Not only does it provide rapid settling of the solid particles in the suspension, 
10 additional liquid recovery via the further consolidation step of the sediment bed, it also 
allows for control of the liquid content/viscosity of the sediment which, as discussed 
above, has significant advantages in terms of pumping and the like. 

The technique of applying a suitable stimulus can be accomplished using 
conventional equipment and control of such a stimulus, eg pH or temperature is also 
15 well known in the art. 

It will be appreciated that the present invention may be embodied in forms other 
than that described herein without departing from the spirit or scope of the present 
invention. 

DATED this 29th Day of August 2003 
20 BALDWIN SHELSTON WATERS 
Attorneys for: 

THE UNIVERSITY OF NEWCASTLE RESEARCH ASSOCIATES LIMITED 
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Figure 2 
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Figure 6 



